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OBSERVATIONS ON THE CONTRACTILITY OF 
LACTEALS Part II Br HOWARD FLOREY 
{Fellow of GoinUle and Cams College, Cambridge) 

{From the Hale and Dunn Clinical Laboratories, London Hospital ) 

The appearances presented by tbe lact^ls on microscopic examination 
of the mesentery in the guinea-pig and rat have been described in a 
pievions coniniuiiication(i) The rhythmical activities of these vessels 
have been examined, from the point of view of their initiation and 
control, both by means of nerve stimulation and drug action The 
appearances and reactions presented bv the lacteals and lymph glands 
of other species are also described 

It was possible with the microdissection apparatus to inject minute 
quantities of a drug close to the lacteal under observation, so that the 
effects of such an apphcation could be seen on a circumscribed portion 
of the lacteal The pipette was first filled with the drug and the mesentery 
spread above the hoUow chamber By smtable mampulation the drug 
was then mjected and the results watched The drugs chosen were 
pilocarpme and adrenahn, as it was possible that the reactions obtamed 
with them would give some mdication of nervous influences on the rhythm 
Pituitnn was also used 

In the rat, the injection of a small quantity of 1/100,000 adrenahn 
was followed by a vigorous contractile spasm m portions just near the 
mjection and a much increased rate of contraction m portions a little 
further away The rate of contraction rose from once in 5 or 6 seconds 
to twice per second on occasion It must he admitted, however, that the 
reactions presented by these vessels were hable to he capricious, as also 
IS the case m the cat, which will he described later This effect on the 
rhythm could not be produced m all experiments but, m that it occurred 
qmte frequently, it must be accepted as significant The negative results 
may be attributable to some unknown factor, inflamniation possibly, 
as it IS known that blood vessels m a state of inflammation do not react 
by contraction to adrenalm In these preparations the blood vessels 
reacted mvanably, but the lacteals seem to he possessed of a more 
delicate contractile mechanism 
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The same results have been obtained on the guinea-pig which was 
examined for this purpose in the modified apparatus to be descnbed 
later A drop of 1/1000 adxenahn was placed on the lacteal by means 
of a fine glass rod This was rapidly diluted by the surrounding fluid, 
the degree of dilution being very considerable, but not accurately 
determinable In the case of the guinea-pig no spasm has been observed, 
but the rate is markedly mcreased, e g from a pre limin ary number of 
8 times per minute to one of 14 per minute Portions of lacteal which 
were not contractmg at the time of the apphcation did not react m any 
way to the addition of adrenahn Lieben has also exa min ed the action 
of adrenahn on the contractions of the lacteals of the rat (2) He finds 
that 1/20,000 adrenahn apphed to the mesentery causes an mcrease 
m the activity of the vessels but if the drug be mjected mtravenously 
there is practically no effect 

Pilocarpine This drug m strength of 1/10,000 had apparently no 
effect m the rat or the gumea-pig but when the strength was increased 
to 1/1000 complete inhibition usually occurred Use was made of this 
reaction to watch valve action under the high power of the microscope, 
as the movements were often sufficiently slow to be observed easily 

Pitininn This drug was capable of causing a spasmodic contraction 
occasionally but this result was quite infrequent 

Nerve stimulation 

The vagus had of necessity to be exposed m the neck While one 
observer stimulated, the other watched through the microscope In aU 
cases there was a diminution m the amphtude of the contractions durmg 
the stimulus, a latent penod of some 10 to 15 seconds mtervenmg On 
the cessation of the stimulus there was a rapid return to the normal 
amphtude In some cases there was also a slight slowmg but this was 
not frequent 

Splanchnic The left splanchmc nerve was exposed through a large 
abdo min al mcision and cut The mesentery was arranged for micro- 
scopical observation Stimulation of the peripheral end of the splanchnic 
was followed m the majority of cases by an mcrease m the number of 
beats per mmute, the rate m some experiments bemg doubled, e g from 
12 beats to 24 per mmute In another experiment from 3 to 6 beats 
per mmute There was a considerable latent period from 15 to 30 seconds 
between the begmnmg of the stimulus and the mcrease m the rate 
E g Si lacteal was beatmg at the rate of 3 per mmute, a contraction at 
the begmnmg of timing bemg mcluded Durmg stimulation there was 
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a contraction at the beginning of tuning, another after 30 seconds and 

two more during the second 30 seconds 

On the cessation of stimulus the lacteal activity rapidly diminished 
and the count per mmute then became less than before the appbcation 
of tlie stimulus 

However, that the seat of ongiu of the rhythmic contractions is in 
the vessel itself is indicated by the following experiments 

The lat was chosen because of the greater ease m the mampulations, 
uwmg to the fact that the lacteals course further from the blood vessels 
in this species than in the gumea-pig A lacteal m which there was good 
rhythnuc contraction was cut across by means of fine scissors This had 
no eSect on the rhythm It was then cut across central to the pre\uous 
section, there now hemg a completely isolated length of lacteal under 
observatiom This isolated portion still contracted m a rhythmic manner 
The same result was ohtamed after isolation of the vessel by burning 
two pomts m its length with a fine hot needle A more conclusive demon- 
stration that the rhythmic contractions were independent of the central 
nervous system was ohtamed by rapidly killmg the animal (this expen- 
ment has been performed on both the rat and guinea -pig) by a blow on 
the head and mountmg the completely excised mesentery and gut for 
observation m sabne — the temperature being maintained at 37° C 

Rhythmic contractions, normal m appearance, can be obse^^ed m 
these preparations for a few minutes after excision but they soon stop 
However, even after an hour a gentle stimulus with a rod is capable 
of imtiatmg a complete beat at the point touched 

It IS suggested that the rhythmic action ceases relatively qmckly 
because the normal slight dilatation (stretching) which precedes systole 
(see Part I) IS not present owing to the cessation of the production of 
lymph It may be supposed that this stretch is essential for imtiatmg 
contraction That a local mechanism is responsible for the contractions 
is also mdicated by the fact that it was possible to observe m the intact 
mesentery, portions of lacteals contracting while adjacent portions were 
quiescent 

These \essels in both rat and guinea-pig were very sensitive to 
mechanical stunuh, answermg by a vigorous contraction, which remained 
qmte local, and might be mamtamed for as long as 4 to 5 minutes If 
such a pomt of contraction were produced by bnnguig np a micro-needle 
quickly from beneath to touch the vessel, further evidence that the 
rhythmical contraction is a local phenomenon could be ohtamed The 
rhythms on the two sides of the pomt of contraction were qmte diSerent 

1—2 
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in tune relations and apparently imassociated That is, there was no 
propagation of the disturbance past the strong contraction 

The regular contractions have been observed to occur in these vessels 
for ^ to J hour after the cessation of breathing, another fact which 
would point to their peripheral ongm 

One may conclude therefore that the rhyt hm resides m the lacteal 
wall itself, but that this may be modified by nervous influences Whether 
this rhythm is mitiated by gangbon cells or the contractile elements of 
the wall IS not decided, but histological mvestigations are m progress 
to ascertam lE the former are present 

It was thought it would be of mterest to examine other animals m 
the same way to ascertam if the rhythmic contractions of the lacteals 
was a universal phenomenon m mammals For this purpose the ap- 
paratus was further modified so as to be apphcable to animals of aU 
convement sizes The trough and tray construction has been mamtamed, 
these bemg made of the appropriate size for each type of animal Instead 
of the hollow moist chamber, a glass cyhnder, covered at the top with 
va circular plate, was cemented over the hole cut m the bottom of the tray 
The mesentery was spread over this and the gut fastened by pms to 
cork cemented round the cyhnder The whole apparatus could be filled 
with salme so that the gut and the mesentery were immersed durmg the 
whole tune of observation A large electric light bulb was placed below 
the tray to furnish transmitted hght, and at the same tune to aid m 
keepmg the salme warm Warm salme was also added from a reservoir 
as occasion demanded A Zeiss bmocular dissectmg microscope was used 
for these observations All animals were fed with fat so as to give the 
maximum visibihty to the lacteals The cat has been the animal for 
study of the reactions m detail 

In such a preparation of a cat no rhyt hmi c movements such as are 
seen m the rat and the gumea-pig could be observed though a large 
number of animals have been examined, the greatest possible care bemg 
taken to mamtam them m good condition It was thought that the 
aneesthetic (ether and cholorform, or urethane) nught possibly be the 
mhibitmg agent Two methods to avoid this have been utilised A de- 
cerebrate cat, from which most of the aneesthetic had been e limin ated, 
has been observed In this there were no rhythrmc movements The 
second mvolved the msertion of an abdommal wmdow by a method 
described elsewhere (3) A loop of gut was sutured round the cut edge of 
the muscle so that a layer of mesentery was spread beneath the wmdow, 
bemg forced mto apposition with the celluloid by pressure of the m- 
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testmes behind After the animal had been allovred to recover for three 
days it vras given a fatty meal When it vas seen that the lacteals 
beneath the -vandow iiere full of white fat, the cat was held by two 
assistants while the lacteals were observed by the low power of the 
microscope When the breathing was q^uiet it was possible to see the 
lacteals clearly In this case also no rhythmic contractions could be 
observed. 

It may fairly be concluded that the cat does not possess these 
rhythmical movements as descnbed m the other two species previously 
examined 

The lacteals of the cat presented a smooth contour m the fully 
dilated condition^ but when they were caused to assume a contracted 
condition by procedures to be descnbed, they exhibited a smuous out- 
Ime, the valves hemg well marked by a bulgmg of the walk In some cats 
there was a difference between the appearance of the lacteals of the 
duodenum and the upper ileum compared with those of the lower 
3eum The latter possessed more valves in their length, each beingmarked 
by a large bulge proximal to its site 

The stream m these vessels could be observed by watching the ever 
changing opacity of the fat cloud m it For example, where two streams 
met, one of which was more highly charged with fat than the other, a 
separation of the two streams could be followed m exactly the same way 
as that descnbed m the cerebral veins in similar conditions (4) 

In the lacteals a coutmuous stream could be seen moving dbwn to 
the lymph glands There did not appear to be any rhythmicity about 
the flow though the rate vaned from tune to tune 

n a vessel were punctured by a fine needle the portion central to the 
hole remamed full, the content-s being held up by the uext proximal 
valve There was no evidence that this proximal portion emptied itself 
From the distal portion there was a contmuous flow of lymph apparently 
independent of the peristalsis of the gut There was however evidence 
that the latter could alter the flow, for, m lacteals from a portion of the 
gut in active peristalsis, accelerations m the rate of flow were noticed 
when the gut was firmly contracted. 

In certain smtable preparations it was possible to observe that at 
each mspuation the valves were opened and that m expiration they 
were shut agam The influence of respiration could also be observed by 
examimng the receptacuium chyb Eddies of fatty lymph synchronous 
with the respiratory movements conld be seen where the clear lymph 
from the bver entered Under physiological conditions m the cat, there- 
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fore, it may be asserted that the forces moving the lymph are a vis a 
tergo^ presumably supplied by the blood pressure, squeezmg due to the 
gut penstalsis, and a respiratory suction pump mechanism The m- 
fluence of respiration through mcrease m rntra-abdonunal pressure will 
be noted later There is no evidence that the lacteals, m a normal con- 
dition, further the passage of lymph by rhythmic contractions 


Reactions to stumdi 

Mechanical stimuli When these vessels were stimulated mechamcally 
by means of a fine glass needle they underwent a considerable and rapid 
contraction, limited to the portion stimulated, m just the same way 
as that descnbed for the cerebral arteries (4) This contraction could be 
of several minutes' duration but was never observed to be propagated 
Electrical stimuli A contraction, which diminished the diameter of 
the vessel to one-quarter that present normally, could be produced by 
stimulation with a monopolar stigmatic electrode This contraction had 
the same appearance as that caused by mechamcal stimuli 

The reaction to these stimuli could m almost every case be evoked, 
but preparations were met with which were very refractory The reason for 
this IS not apparent, as little difference bet^ een the preparations could 
be detected when the condition of these was judged from that of the 
circulation m the blood capillaries This fact of preparations occurrmg 
which did not react readily compbcates the mterpretation of negative 
results, but it was felt that if a certam result could be obtamed at all 
then it was probable that it would be constantly present under strictly 
physiological conditions These remarks apply particularly to the action 
of drugs 

Adrenalin Preparations have been made m which the lacteals react 
by vigorous contraction to a local application of adrenalm made by 
means of a glass rod or pipette There was no doubt that the contraction 
was due to the adrenalm, for if the salme were dramed off the mesentery 
to free it from excess flmd, a smgle drop of adrenalm apphed to a vessel 
produced a contraction only m the area to which the drop extended 
This experiment has been successful m several cases, but it must be 
admitted that vessels were frequently found which did not react m any 
way Camus, by the use of different methods, also concludes that 
adrenabn has a constnctive action (5) 

Pilocarpine Pilocarpme has been applied m the same way as adrenalm 
This drug did not produce any appreciable effects on the cahbre of the 
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vessels under any conditions Heinz states, hovrever that pilocarpine 
causes contraction of the large lymphatic trunks (.6) 

PiUntnn This has also been apphed in the same vav In some cases 
there vras a verv small contraction, but m most experiments no result 
'vras obtained 

Effects of nerve summation 

Vagus The vagus i;«ras stimulated m the neck at the same time as 
microscopical observation vas earned out 2so effects vrere seen to 
follow the stunnlation of the nerves in the neck at anv tune though 
careful measurements were made with the ocular micrometer Paul 
Bert and Laffont(7) however, m workmg with dogs found that 
stunnlation of the vagus caused a rapid and fugitive dilatation and 
then a contraction 

Sp?anc/nnc This nerve was isolated in the nght side just after its 
emergence from beneath the diaphragm the cat placed on its left side 
and the gut brought through a mid hue mcisiom With such a rearrange- 
ment of annual it was possible to stunnlate the nerve and at the same 

time to observe microscopically Under these conditions a definite 
shght contraction of the lacteak was produced by stimulation of tbe 
splanchnic nerve In one experiment a dnmnntion from 3 divisions 
of the micrometer scale to 2i was observed. Tbis contraction lasted 
several minutes In most of the experiments m which the splanchmc 
was stimulated, however, no contractions could be observed. 

From the well marked effects with adrenalin and the less defimte 
results from nerve stimulation it would seem probable tbat tbe vessels 
are innervated bv the sympathetic svstem. Paul Bert and Laffont 
state that when the mesentenc nerves are stannlated the lacteals 
contract but tbat stunnlation of tbe splanchmcs causes dilatation 
Camus and Glev(S» 9) find that stimulation of the sympathetic nerves 
m most cases caused a dilatation of the cistema chyli though m other 
cases a constnction was produced Thev also comment on the fact that 
It IS sometimes difBcult to ehcit anv reaction from these Ivmphatic 
structures 

Experiments have therefore been made to investigate any possible 
reflex contractile mechanisms In asphvxia and stimulation of the 
central end of a sensorv nerve the blood v^els undergo great con- 
tracnon Accordingly, the trachea of a cat was exposed and clamped 
for a penod durmg which the mesentery was examined The blood 
vessels were seen to contract but at no tune was any contraction of the 
lacteals observed. 
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The same is true of observations carried out during the stimulation 
of the central end of the sciatic One of the latter experiments was 
earned out m a decerebrate cat so as to have the reflex mechanisms of 
maximal sensitivity 

It IS usually considered that the blood is rapidly diluted m haemor- 
rhage (Sherrington and Copeman(iO), who quote Popp, Ueher die 
Beschaffenheit des Bhites, 1815, p 89, as the first to observe it), but 
recently Binet and Fournier (U) have stated that there is an mitial 
mcrease m the number of red corpuscles owing to splemc contraction 
It was thought that the dilution which is generally held to occur might 
be brought about by the sudden emptymg of the lymphatic system owmg 
to the contraction of the walls of the lymphatics Observations were 
made during rapid bleeding from a carotid canula Durmg the bleeding 
no contraction could be detected by the ocular micrometer However, 
m one experiment, after the cessation of respiration, a very high grade 
of contraction appeared synchronously with vigorous gut movements 
That this was active contraction and not passive coUapse was mdicated 
by the fact that it was not possible to push the pocketed lymph mto the 
contracted portions by means of a glass rod One would also expect 
a vessel m passive collapse to present a regular smooth contour instead 
of these pockets which are similar to those which often appear m the 
mesentenc veins after death Camus and Gley(i2), however, report 
experiments yi which they find that asphyxia causes a very marked 
contraction of the thoracic duct m a spmal animal, but that stimulation 
of a sensory nerve causes a reflex dilation of that structure 

Several other animals have been examined microscopically m the 
same way 

Man Durmg an operation on the mtestme an opportimity occurred 
of observmg the human lacteals^ The man was given 3 oz of ohve oil 
4 hours before the operation At operation the lacteals were found to 
be full of chyle Observation was carried out by means of a hand lens 
givmg a magnification of 10 In this case there did not appear to be 
any rhythmical contractions comparable to those of the rat or gmnea- 
pig However, the lacteals were quite responsive to mechamcal stimuli, 
a gentle tap with the gloved finger sufficing to cause a very marked local 
contraction at the pomt struck 

It would seem that the human lacteals approximate to those of the cat 
in their properties, as judged from these necessarily limi ted manipulations 

Squirrel (red) A snmlar type of preparation to that of the cat was 
I I am mdebted to Jlr Perrm for this opportmutv 
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made The mesentery 'was extremely transparent and, in places where 
there was no fat, a perfect view of the lacteals could be obtained In 
this animal also no peristaltic contractions could be seen The lacteals 
were contractile to mechamcal stimuli right up to the point where they 
emerged from the gut wad, a fact of some importance when considering 
the structure of these vessels No contraction was observed to take place 
on the apphcation of adrenahn but it was found that the vessels then 
contracted very much more readily to mechamcal stimuh than before 
the application 

Rabbit This animal offered considerable difficulty in observation 
owing to the very vigorous continuous peristalsis of the intestine This 
imparted movements to the whole of the mesentery with a consequent 
passive distortion of the contained lacteals No active rhythmic con- 
tractions have at any tune been observed These vessels, however, 
possess the power to contract to mechamcal stimuli in the same way 
as those of the other species examined No effects from the apphcation 
of adrenahn were seen Muller and Schwann (13) did not observe any 
rhythmical contractions of the lacteals of this animal 

Dog A puppy has been examined m the same way but does not 
possess the property of rhythmical contraction of its lacteals Here also 
the vessels were contractile to mechamcal stimuli 

Hedgehog This animal readily took cream, so the lacteals showed up 
extremely welL The vessels of this animal were far more abundant than 
those of any of the other species examined They were nchly anastomotic, 
frequently forming closed loops The vessels often divided m an ap- 
parently purposeless fashion, to be xeumted a short distance away The 
meanmg of these rings is not clear 

No spontaneous contractions were observed, though the preparation, 
as judged by the state of the blood circulation, was excellent 

The vessels, for the most part, presented a smooth contour, but they 
were bulbous m places not apparently associated with valves The 
addition of adrenahn made the wall take on a finely wavy outbne as if 
the lacteal outline had been traced by a tremulous hand It was thought 
that this appearance was caused by the contraction of the very few 
muscle fibres possibly contamed m these vessels Mechamcal stimuh 
were effective but these structures were not very contractile As they 
were easily deformed passively, care had to be taken to distinguish the 
active contraction 

Mouse Reflected light from a 100 candle-power Pomtohte lamp was 
found to give a very beautiful picture m this animal 
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The mesenteric lacteals were very fine and presented numerous 
bulbous swellings 

The gut m this animal was very transparent and it was possible to 
see two plexuses through its walls, one, ]ust beneath the musde, 
possessing coarse irregular meshes with numerous bulbous swelhngs, and 
a deeper one (presumably submucous) with fine regularly spaced meshes 
with very few swellings This appearance was especially well seen after 
the peristalsis of the gut had been inhibited by the addition of 
adxenalm 

The influence of the peristalsis of the gut on the propulsion of the 
chyle was beautifully seen in this preparation Each movement was 
observed to compress the lacteals contamed m the gut wall and as 
these are furnished with valves the contamed fluid was forced along 

If the gut was stimulated by a fine needle it contracted at the pomt 
of stimulus sufficiently to free the area stimulated so completely of the 
lymph that the vessels disappeared from \aew, to return as the spasm 
of the gut wall passed away The lacteals in the mesentery were not 
rhythmically pulsatile Mechamcal stimub produced only a sbght 
contraction 

Adrenalm did not cause any evident contraction Portions of the 
lacteals of considerable length appeared to be m a contracted condition 
throughout the observation but these portions did not vary m cabbre 
It was impossible to say whether these portions were actually con- 
tracted or whether the appearance was due to the structure of the 
lacteal 

Lieben(2), however, states that he observed rhythmical contractions 
m the mouse, but considered those seen m the rat much better The 
present observations do not confirm his statement with regard to the 
rhythmicity The mouse lacteal is also very different m its susceptibility 
to mechamcal stimub from that of the two species presentmg rhythmical 
contractions In the latter, one touch produces extreme contraction, 
in the former, vigorous strokmg only produces the sbghtest effects 

Pig A young sucking pig about five weeks old was used for these 
observations Though the animal possessed voluminous mtestmes, the 
lacteals from which were adequately filled with fat, it was very difficult 
to observe the mesentery owmg to its extreme shortness makmg a with- 
drawal of it from the body cavity awkward Eeflected bght was used 
for the exammation owing to the impossibibty of stretchmg the mesentery 
over the glass cylmder No rhythmic contractions were observed With 
^ngorous mechamcal stimub it was possible to cause a localised contraction 
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—but this -svas difficult to ehcit Pitmtrm was not observed to have any 
effect Adrenalin also caused a slight contraction in some places but this 
effect was minimal 

An interesting phenomenon has been observed in many of these 
animals, so many as to suggest that it is common to all species As has 
been described m the guinea-pig, after the gut and mesentery have been 
exposed fox some time, red corpuscles together with polymorphs appear 
m the lymph stream The polymorphs are recogmsed m specimens fixed 
and stamed The red corpuscles may be so numerous as to give the lacteal 
an appearance like a vem m which the current is very slow In some 
animals, where pins have been put through the gut to steady the prepara- 
tion, the red cells appear very quickly but gross trauma of this kmd is 
not necessary for then occurrence It would seem that a very moderate 
degree of mflammation is capable of allowing the diapedesis of the red 
corpuscles from the blood vessels and at the same time allowing the 
lacteals to take up these cells 

It 13 now held that the lymphatic system is a closed one which means 
that the lacteal walls must have been altered m then permeability to 
allow particles of the size of red corpuscles to pass An extension of 
these observations might throw some hght on the mechamsm by which 
the lacteal takes up fat and, in general, bodies of particulate matter 
The observations would indicate at least that dming an mflammation 
the lacteals also alter then permeability This observation is m hue with 
the fact that some bacteria are absorbed through the lymphatics 

Of the senes of axumals thus examined only the rat and guinea-pig 
present the phenomenon of rhythmically contractile lymphatics It was 
thought that possibly the venous pressure m these animals was very 
high necessitatmg the intervention of active pmnpmg to force the lymph 
mto the venous system where m other animals the accessory factors — 
respnation, etc — were sufficient for this purpose However, this is 
apparently not the explanation 

A gumea-pig ansesthetised with urethane was found to have an 
artenal pressure of 8o mm Hg, as measured in the left carotid artery, 
with a corxespondmg venous pressure, taken m the peripheral end of 
the }ugular vein, of 9 cm of sodium citrate solution The ratio of the 
venous to artenal pressures would appear to be of the same order as 
that usually present in mammals 

Another method has been used for investigating the properties of 
these structures m the cat 

From the glands at the base of the mesentery one large and one 
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or more smaller ducts emerge The large duct is usually about the size 
of the jugular vem In a fat fed animal the duct was seen easily when 
approached through a large ±-shaped incision in the left side The spleen 
and stomach were pulled over to the right The duct is very dehcate 
and great care had to be exercised m cleanng it Only sufficient was 
cleared for the passage of a ligature as it was found advantageous to 
retam the connective tissue m the region of the mcision made to receive 
the canula, otherwise the duct collapsed to a thread and the insertion 
of the canula became a very tedious and sometimes impossible task 
Before the insertion of the canula, m some experiments, all the nerves 
accompanymg the supenor mesentenc artery were ligated and severed 
After the canula was tied m, it was held firmly m a specially constructed 
small canula holder, possessed of a umversal jomt movable on a long 
horizontal arm, the whole mounted on a vertical pillar attached to a 
heavy base The canula was then connected either to a fine tube for 
drop countmg or to a vertical manometer This preparation was first 
made m the hope that some hght might be thrown on the behaviour 
of lymphatic glands to stimulation of the nerves It was however 
apparent that m such a system one also had to take mto account the 
preglandular lymphatics, as pressure on a loop of gut could expel lymph 
from the canula (an observation made long ago by Heidenhain) It 
was not possible to block the preglandular area without depnvmg the 
glands of lymph 

There was one serious source of error to be ruled out m making 
experiments m which drops were counted The sbghtest pressure from 
the finger on the glands durmg any mampulations was capable of forcmg 
out lymph and so addmg to the drop flow In the same way the influence 
of respiration was surpnsmgly large The abdomen was freely opened and 
there could be no question of a suction pump action of the thorax and 
yet m many experiments alterations m the rate and depth of respirations 
were capable of causmg an mcreased outflow In the experiments to 
be recorded great care was taken to exclude these factors Evidence of 
the exclusion of the respiratory factor was obtamed by stimulatmg the 
central end of the saphenous nerve at the close of observation and finding 
no influence on the rate of outflow 

By this method also several experiments were made m which nerve 
stimulation gave no result though care was taken to keep the mesentery 
and gut warm by salme pads and frequent irrigation with warm sahne 
The figures obtamed m experiments exhibitmg a reaction on stimulation 
of the mesentenc nerves are appended 
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Exp 1 SimvJoitonoJ Tr^^cni^tT\^rx*is 

1 drop in 2 mmntes before stimulation. 

3 drops } mmnte dtmng stimnlatiotL 

1 1 „ with no stnnnlatiom 

2 „ 1 „ '^th stimulation 

Ezp 2 SfimuZafion o/ m&»C7iJmc nerves 

1 drop m 1 minute before stunulatiorL 
S drops 1 „ during stimulation 

3 1 „ during minute after stimulation- 

interval of 10 minutes, 

0 drop m 1 mmute before stunulatioru 

4 drops 1 „ dunng stimulation- 

Exp 3 50niu7<riio/i of mtsenienc nerves 

4 -J- drops in 1 minute before stimulation 
b-i- , 1 „ dunng stimulation. 

3 , I », after stimulation 

Repeated with the same numencal result 

From these figures it vnll be seen that there is a definite action on 
the amount of lymph coming from the canula dnnng stimulation of 
the nerves to the glands 

Measurements on lymphatic pressure have also been made In a 
similar preparation a vertical salme manometer was connected by a 
rubber tube to the canula and the height to which the column rose noted 
A correction was made on account of the capiUanty of the tube The level 
rose slowly from zero — each respiration causmg an oscillation of about 
2 mm In most evpenments the pressure measured was about 7 5 cm 
with a contemporaneous venous pressure — ^measured m the central end 
of the splemc vein — of 11 cm of salme Owing to the lymphatics bemg 
a valved system, if sahne was poured mto the manometer the level was 
maintained at that produced by the addition of the fluid It was thought 
that when the manometer level had nsen from zero to a resting state — 
of about 7 5 cm — stimulation of the mesentenc nerves should give a 
further nse if this procedure caused a contraction of the lacteal walls 
and of the glands However, m several experiments this expectation 
was not realised- 

In one experiment m which 1 c c of adrenalin (1/10,000) was intro- 
duced mto the saphenous vein no alteration m pressure was observed 

The efiects of stimulation of the sciatic and hcemorrhage were tried 
but beyond raismg the pressure 2^ mm , probably owing to the increased 
respiration, there was no result 

The injection of pilocarpme however produced a striking resnit 
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1-2 c c of 1/1000 solution vtsls injected into the saphenous vein Within 
15-20 seconds the pressure m the manometer began to nse rapidly from 
7 2 to 14 5 cm Havmg reached the highest level it was of course mam- 
tamed there, but if after an mterval of a few min utes the level were 
lowered by sucking the flmd from the manometer the pressure was then 
found to have declmed As is well known, pdocarpme acts as a lympha 
gogue and m these experiments the canula, which before the mjection 
had filled slowly with lymph, now filled rapidly This was observed to 
be the case during a disconnection of the manometer for the removal 
of possible clot The amount of extra flmd rapidly forced mto the mano- 
meter was of course lymph That, however, this amount of extra lymph 
was not caused by a sudden contraction of the lacteals and glands was 
shown by the fact that when the canula was disconnected from the 
manometer the greatly mcreased flow contmued for several min utes 
If the contraction of some muscle m the lacteals and glands had been 
the cause one would have expected one gush of lymph and then no more 
The explanation of this considerable rise of pressure would seem to he 
m the greatly mcreased peristalsis of the gut In some places the gut 
was at times so contracted as to appear white That gut contraction is 
a potent factor m forcmg lymph onwards has already been mdicated 
The mcreased respiratory movements may also have contributed to the 
rise m pressure The other factor allowmg the peristalsis to give its 
maximum effect, is the mcrease m the amount of lymph produced 
An attempt to test the truth of this explanation was made by m- 
jectmg pitmtrm which also causes mcreased gut movements In these 
experiments a trifling nse of 1-2 cm was produced However, the gut 
peristalsis was at no time as vigorous as that produced by pdocarpme 
At the same time pituitrm produced extreme contraction of the vessels 
and consequently a greatly diminished lymph flow so that the effects 
of the two drugs are m no way comparable 

To obviate the necessity of considermg the contractility both of the 
glands and the lacteals m experiments of this nature, some were per- 
formed on isolated glands These glands were taken from the mesenteries 
of cats which were first chloroformed and then killed by a blow on the 
head The glands were then dissected free from fat and pentoneum, 
bemg touched as little as possible, and then immersed m cold Kmger 
Locke till required A smtable gland was then suspended m oxygenated 
Emger Locke at 37° C and attached to a light lever which made a 
tracmg on a drum In the tracings appended one can see that the 
addition of adrenalm caused a perfectly defimte contraction This was 
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repeated on three glands of the same cat with similar results There was 
also a well marked contraction when barium chloride was added ihe 
addition of pilocarpme produced no contraction, nor did histamme, 
m these preparations, appear to have any action As m all the present 
experiments on the motor activities of the lacteals, this result could not 
be obtamed mvanably, preparations were met with which were quite 
inert 



Fig 1 Isolated lymphatic gland. Cat Contraction produced by addition of adrenalin. 

Lever magnification 16 



Fig 2 Isolated lymphatic gland. Cat Contrachon produced by addition of BaCl, 

Lever magnification 16 


It might be objected that the results obtamed in these experiments 
were due to the contraction of the smooth muscle of the contamed blood 
vessels To meet this possible objection similar preparations of pancreas, 
h\er, kidney and parotid sahvary gland were made In these prepara- 
tions the addition of the drugs were without effect except in the case 
of the hver, m which a slowly falling curve was straightened out In 
all of these structures there is at least as plentiful a supply of blood 
vessels as m the lymph glands That even m the lymphatic gland the 
result cannot always be obtamed is another argument against the resnlt 
bemg attributable to the contamed blood vessels Blood vessels are 
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very resistant and mil invanably react to adrenalin under such con- 
ditions 

Harvey (14) is of the opinion that pilocarpine causes contractions 
of the lymph glands as well as the spleen, as judged from counts of 
lymphocytes circulating m the blood Peyton E.ou8(i5) noted that 
stmgglmg and movement mcreased the output of lymphocytes from the 
thoracic duct, a fact which could be explamed by pressure on the 
lymphatic glands He was also inclmed to the view that pilocarpme 
causes contraction of lymph glands though he observes that an in- 
jection of the drug is capable of makmg a clear lymph chylous 
for a short time Gerlach noticed muscle fibres m glands and 
that they contracted on electrical stimulation This statement is taken 
from Heller’ s paper as, unfortunately, Gerlach’ s ongmal thesis is not 
available 

According to Emminghaus(i6), Malpighi suggested that the mus- 
cular tissue of lymph glands contracted and forced on the lymph, while 
Boerhaave suggested that rh^rthmical contractions of the thoracic duct 
might be a factor m propelling the lymph 

With the foregomg evidence that the lymphatic glands are contractile, 
even if only sbghtly so, a senes of counts was made of the corpuscular 
contents of the lymph issumg mto a canula mserted m the manner before 
described As the canula was inserted close to the gland one could be 
reasonably certam of obtaimng a correct mdex of the lymph flowmg 
from the gland or glands before any admixture with other lymph or 
sedimentation of the corpuscles had occurred In the foUowmg experi- 
ments the mesentenc nerves were stimulated The procedure was to 
allow the lymph to collect m the canula This was then rapidly collected 
m a pipette and transferred to a watch glass, from which the counts 
were made The mampulations had to be earned out expeditiously as 
it was foimd that the lymph clotted very quickly 

Exp 1 CJanula mserted and lymph immediately collected- Count 1 14,320 per c mm 
16 mmute interval 

CJonnt 2 21,400 per o mm Interval of 2 minutes 

Omnt 3 18 200 per c mm- 

Stimulation of nerve for 60 seconds- 

0)unt 4 88 000 per c mm- 

The vast majontv of the cellular elements present were lymphocytes together with a 
smaU number of mononuclear type of cell 

Exp 2 CJonnt made immcdiatelv after insertion of canula^ 8000 iier c mm 16 mmute 
interval Count 1400 per c mm 

Stimulation for 1 mmute 6400 per c mm 
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Exp 3 Lymph expressed into canuta. acadentally after insertion of canula. 

Co-QHt 1 65,000 per c-mnu 

15 xomute interval vnth a good flow during the period. 

Count 2 36,S75 per <Mnnu 
Stimuiation of nerves along the vesseL 
Count 3 -43,100 per c,inin 

Exp 4. 10 minutes after the insertion of the canula the first count was made. There 
had been a good flow of lymph during that period. 

Count 1 8900 per nmnu 

Stimulation for 1 minute of the mesentenc nerves 
Count 2 14,250 per c jnm 

In ttese expenments tlie same care ivas taken to avoid mechanical 
mterference as in the droppmg experiments In Exp 3 evidence was 
obtained that shght pressure, such as from a finger hghtly apphed, was 
capable of causmg a great increase in the number of cells expelled 
In Exp 4, after the first two specimens had been collected, hght pressure 
was apphed to the gland and the lymph so expressed counted Coimt 3, 
21,000 

The effects of drugs have also been studied In one such experiment 
the initial count was 11,600 25 c c of pdocarpme was then given 

mtravenously The count made on lymph collected 2-3 minutes after 
was 17,000 After the animal had apparently returned to normal 
5 c c of 1 /lOjOOO adrenahn was m]ected and a count then made of 25,000 

From this it would seem that adrenahn has a greater power to m- 
crease the concentration of lymphocytes issuing from the gland than 
pilocaxpme, an observation which would faU mto Ime with those already 
made on the contractility of the glands to adrenahn 

It will he seen that Exp 1 seems to mdicate that the stimulation 
causes an expression of lymphocytes from the gland. In Exp 2 the 
relatively high mitial count may be due to the unavoidable mechamcal 
mterference durmg the insertion of the canula There is a marked nse 
after the stimulation, although the absolute figure is not as great as 
that counted at the beginnmg of the experiment In this experiment 
all counts were low compared with the others Exp 3 gave a result m 
which there was a move m the direction of mcrease but the difference 
IS such as to be negligible 

In Exp 4 however there is a very defimt-e mcrease m the number 
of cells present after the stimulation This experiment also demonstrates 
the very great mfluence of pressure on the expulsion of the cells from 
the glands 
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SumiARY 

1 The rhythmical contractile lacteals of the gumea-pig and rat are 
under the control of the nervous system, though the rhythmicity is of 
peripheral origm 

2 The lacteals of the cat, dog, rabbit, squirrel, hedgehog, mouse, 
pig and man, do not exhibit rhythmical contractility similar to that of 
the gtunea-pig and rat 

3 The lacteals of these species are however contractile, exhibitmg 
this property especially to mechamcal stimuli, 

4 The lacteals of the cat, which have been specially studied, con- 
tract to adrenalin and sympathetic stimulation 

6 The influence of respiration and gut peristalsis on lymph flow 
IS well seen m these preparations 

6 Lymphatic glands contract when stimulated by adrenalm but not 
with pilocarpme 

7 There is an mcrease m the number of lymphocytes issumg from 
the mesenteric lymph glands when the mesentenc nerves are stimulated 

My thanks are due to Dr P Eezmkoff, DrS P Bedson, Miss Eobinson 
and Mr Marshall for assistance m conducting some of the experiments 
The lymphocyte counts I owe to the kmdness of Dr S P Bedson 

I am mdebted to Professors J Barcroft and J A Gunn for much 
advice and the facilities offered by their laboratories 

(The has been done under the auspices of the Freedom Research Fund of the 
London Hospital ) 
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THE SYNERGISM BETWEEN AECOHOLS AND 
OTHER DRUGS Bt L il BICKFORD 

(From the PharmacoJogy Department, Urnversity College, London ) 

The chief object of this research was to determine whether an anta gonism 
of the tvpe observed bv 'W' arbuxga, 2) between cvanides and urethanes 
could be demonstrated on the isolated frog’s heart between other drugs 
Warburg meastned the oxygen consnmptioii of birds red blood 
corpuscles and sea urchin’s eggs and found that although this was 
decreased bv both urethanes and cyamdes, yet the presence of urethane 
decreased the amonnt of action produced hv cvanides In a later paper ( 3 ) 
he has developed the thesis that narcotics inhihit respiration by being 
adsorbed over the cell surface whilst cvanides produce specific action 
bv uniting with and mactivating iron, and that narcotics interfere with 
the action of cvanides bv occupying the receptors on which this drug 
acts 

Technique The preparation studied was that described bv Cl ark ( 4 ), 
namely, a stnp of frog s ventricle driven with an artificial rhvtbm. The 
stnp was suspended between electrodes m a small bath through which 
a steady fiow of fiuid was passed from an rolet above to an outlet in the 
floor of the chamber This obviated any errors due to evaporation or 
accumulation of metabolites As the bath held only 5 c c of fluid and 
the inlet and outlet tubes were comparativelv large, emptvmg and 
refilling could be carried out m a very short tune Alovements of the 
stnp were recorded with an isometnc lever 

The chief source of error observed was the dependence of the activily 
of the stnp on the force with which it was washed bv the perfusing fluid. 
The frog s ventricle is a sponge-like substance, and, if suspended m a 
soluUom products of metabolism accumulate and the force of contraction 
gradually diminishes This error was avoided either, as mentioned above, 
bv allowing a steady stream of flmd to flow over the stnp, or, where this 
was impracticable, bv washing out the stnp frequently bv means of a 
pipette with the solution that was being tested. Another source of error was 
the change m seuntiviry of the stnp This vananon was observed both 
b'^tween difierent hearts and between the responses of the same heart 
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durmg the course of an experiment This was noted by Vernon (5) m 
the case of chloroform As regards variation between different hearts 
it was found after a number of experiments that the large majority gave 
a response fairly close to the mean value, therefore extreme cases have 
been discarded As regards the variation m response of the same heart 
at different tunes, it was found that when first isolated hearts were 
relatively insensitive to alcohol and that the sensitivity mcreased later, 
but that after isolation for an hour or two the sensitivity became fairly 
constant 

Action of alcohols on the heart Experiments were first made to deter- 
mme the relation between concentration and the amount of action 
produced by alcohols It was observed that with fresh hearts, the heart 
showed a power of partial recovery, and the imtial depression produced 
was greater than m the final equilibrium (Wind(6) quotes Haffner as 
observing a similar recovery effect m the frog’s heart with alcohol and 
other drugs ) After isolation for an hour or two the partial recovery 
was absent, but the depression produced was found to be the same as 
that produced mitiaUy m the fresh heart These errors make it difficult 
to observe exactly the relation between concentration of alcohols and 
action m the frog’s heart 

Previous observers have noted both curved and Imear relationships 
Lmear relationships were described by Warburg(i) (urethanes on the 
oxygen consumption of bird’s red blood corpuscles), Vernoni^) 
(alcohols on the isotomc record of the isolated tortoise heart). Storm 
van Leeuwen and le Heux(7) (urethane on reflexes of decerebrate 
rabbit) A curved relationship was found by Meyerhof (8) when 
studymg the action of narcotics on the respiration of demtnfymg 
bacteria, for when the concentration was mcreased the action produced 
mcreased at more than lmear rate Shackell(9) found that the destruc- 
tion of lAmnona by ethyl alcohol followed a similar curve, and attnbuted 
it to a frequency effect 

In the present experiments methyl, ethyl, 7i-butyl and n-ootyl 
alcohols were studied Each of the foUowmg curves is taken from a 
smgle experiment m order to show the variation m response of one heart 
to the same concentration of narcotic, the curves are, however, typical 
of the average responses of a large number of hearts It can be seen m 
Fig 1 , Curve I for ethyl alcohol, Curve 11 for methyl alcohol and Fig 2 , 
Curve IV for butyl alcohol, that the relation between concentration and 
action was nearly lmear when actions less than 80 p c of full inhibition 
were produced The deviation from the lmear relation was almost withm 
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the limits of experimental error, and Eig 2, Curve n shows a case where 
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Fig. 1 Axrhon of alcohols on the contraction of the frog s heart. Ordinate per cent, reduc- 
tion of contractiOEu Abscissa molar concentration. Curve I, Ethyl alcohol. Curve U. 
Methyl alcohoL 


a lineal relation \^as observed The 
resnlts, therefore, are not condnsive 
but suggest that a curved relation is 
the more probable The non-linear 
relation found resembles that shovni 
by Meyerhof ( 10 ) for the relation be- 
tvreen concentration of alcohols and 
the inhibition of invertase 

The depression of contraction under 
the action of alcohol vras very rapid, 
as ako the recovery CJoncentrations 
sufficient to produce a 50-20 p c re- 
duction in beat produced half action 
m from I 5 to 0 seconds, .nd talf 

recovery occurred m about 5 seconds records of heart stnp Ordmate and 
The relative activity of the diSerent ^ ft t t v i 7 

^ Curve L 1-0 molar methvl alcohol plus 

alcohols was not measured very accu- varvmg concentrations of bntvl id 

rately, but from curves of average „ batyl alcohol alone 

values a 50 p c reduction m hearts Curve HL 0 6 molar methvl alcohol pluo 
after a few hours’ isolation was pro- conceutmnons oi n hntyf al 

duced by the following concentre.- rv u-butvl alcohol alone 
tious reconis %vere taken from one heart 

m the order indicated above 
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Methyl alcohol 0 9 molar 

Ethyl alcohol 0 35 molar 

w-Butyl alcohol 0 03 molar 

n-Octyl alcohol 0 0003 molar 

These results follow the general rule that m the senes of normal 
alcohols when the length of the cham is mcreased by one carbon atom 
the intensity of physiological action is mcreased about three-fold This 
rule has been found to hold for a very large vanety of physiological 
actions (WintersteinCU)) 

Synergism of alcohols A very large amount of work has been done 
to determine whether, when ahphatic narcotics are mixed, the physio- 
logical action of the mixture represents a simple addition of the action 
of the components or whether potentiation occurs The great majority 
of writers agree that a simple addition occurs In particular the following 
writers found a simple additive effect when alcohols were mixed 
Fuhner(i2) (haemolysis), Grilichess(i3) (narcosis of rabbits), Eassa(i4) 
(paralysis of Colpidium) Kissa mdeed found that mixtures of alcohols 
had less effect than the sum of the separate actions and a similar 
conclusion was reached by Bills (is) who studied the paralysis of Para- 
moecium Warburg (i) found that the action of mixtures of urethanes 
m reducmg the oxygen consumption of bird's red blood corpuscles was 
a purely additive effect 

The effect of the isometnc response of heart stnps of combming 
alcohols 18 shown m Fig 2 It can be seen that for concentrations giving 
less than 80 p c inhi bition the effects are additive, smce Curves I and II 
and Curves III and IV are nearly parallel 

With low concentrations the effects produced by combmations of 
alcohols might be mterpreted as a simple additive action With higher 
concentrations, however, the combmation of two alcohols produces 
much less action than the sum of the separate actions These results 
could be considered additive if allowance be made for the fact that the 
relation between the action and concentration of alcohol is a curved and 
not a hnear relation F or obviously if this relation between concentration 
and action follow anything other than a straight Ime, the effect of adding 
two alcohols A and B will not equal the addition of the separate actions, 
but the anticipated action can be calculated easily from the curves 
relating the concentration and action of either of the two components 
For example, if alcohols A and B are present m concentrations a and b 
respectively, and if 5 m concentration b produces the same action as A 
m concentration a/5, then the combined action will be equal to that of A 
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in concentration o + c/5 A senes of results mtli octyl alcoliol is shown 
in Table I The values given are the averages of a large number of 
experiments It can be seen that the calculated values (m brackets) 
approxunate V6xy nearly to those observed 


Tabi^I 


Per cent inhibition produced by ethyl and octyl alcohob alone and combined 
Molar cone, ethyl alcohol 



0 

06 

10 

0 



32 

00 

0 0004 

30 

69 (04) 

80(82) 

0 0006 

60 

69 (72) 

86 (88) 

0 0008 

67 

81 (82) 

92 (96) 


Butyl chloral hydrate Bntyl chloral hydrate was chosen as an example 
of a powerful narcotic Big 3 shows that 0 0015 molar solution produces 
a 50 p c inhibition of the heart, and that the relation between concen- 
tration and action is somewhat sinular to that of the alcohols As in 
the case of the alcohols the heart when first isolated was much less 
susceptible than after prolonged isolation The action of butyl cbloral 
hydrate is, however, of a difierent character from that of the alcohols 
because the tune relations are totally difierent The time fox half action 
and half wash out in the case of the alcohols is less than 5 seconds, 
whereas butyl chloral hydrate acts nearly one hundred times more 
slowly, as is shown by the figures in Table II 

Fuhner(i2) noted tbat the rate of action of chloral hydrate m 
producing hffimolysis was much slower than that of the alcohols 


Table IL 

Molar concentration of butyl chloral hydrate 0 001 0 004r 0 01 

Time lu seconds required for half action 4S0 180 80 

Time in seconds required for half recovery on 360 400 480 

washing out 

Synergism of alcohols and butyl chloral hydrate Tbe action of mixtures 
of methyl alcohol and butyl chloral hydrate is shown m 3 It will 
be seen that 0 6 mola^ methyl alcohol produced the same action as 0 0012 
molar butyl chloral hydrate, but the effect produced by methyl alcohol 
and butyl chloral hydrate actmg together was considerably less than can 
be accounted for by supposmg the methyl alcohol to act as if an extra 
0 0012 molar butyl chloral hydrate were present At the same time 
the inhibition produced by any given mixture of the two drugs is always 
greater than that produced by either of the two constituents acting alone 
The same is true for the experiments with 1 0 molar ethyl alcohol and 
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butyl chloral hydrate Therefore it can scarcely be said that there is 
an antagonism between the two drugs, mterference seems a preferable 
term 

The mterference observed can be 

evplamed on Warburg’s hypothesis that 

the alcohol covers the surface of the 

cell and that the other drug cannot 

react with that portion of the ceU covered 

by the alcohol Therefore the higher 

the concentration of alcohol the smaller 

will be the free surface upon which the 

butyl chloral hydrate can exert its effect 

Owmg to the slow rate of action and 

wash out of butyl chloral hydrate it is 

particularly difficult to get a senes of 

accurate observations with this drus, ^ Action of butyl cUoral 

^ and alcohols on frog’s heart, Ordin 
and the measurements are not suf- ate and abscissa as m Fig l 

ficiently accurate to bear mathematical Curve I Butyl chloral hydrate 

, Curve n 0 6 molar methyl alcohol 

analysis plus varying concentrations of butyl 

As previously mentioned, butyl ethvl alcohol 

chloral hydrate reacts with, and is plus varying concentrations of butyl 

removed from the heart on washmg out hydrate 

nearly one hundred times more slowly than alcohol This difference in 
tune relations is very well shown by replacmg a mixture of the two 
drugs by butyl chloral hydrate alone m imaltered concentration, the 
removal of the alcohol leaves uncovered a considerable portion of the 
surface of the heart cells, thus there is an immediate partial recovery, 
followed by a gradual depression as the butyl chloral hydrate slowly 
reacts with the new surface left exposed 

Action of cyanides Warburgd) found a Imear relation between 
concentration of cyamdes and their action m depressmg the oxygen 
consumption of bud’s red blood corpuscles Gray(i6), however, found 
a logarithmic relation between the concentration of cyamdes and then 
action, m depressmg both the oxygen consumption, and also the activity 
of the cihated epithehum of Myiilus edidis Veruon(5) also observed 
that the relation between concentration of cyamdes and depression of 
the isotomc contraction of the tortoise ventricle was not a Imear relation 
I found that the action of cyamdes was profoundly influenced by 
the condition of the heart, for a fresh heart was often ten times as re- 
sistant as a partly exhausted heart, but after a few hours the response 





BJiVG SY-NEBGISU ON HEART 


of tlie tcart became fairly nmform When partly ediausted hearts ivere 
studied the relation between concentration and action was certa^y 
not a Imear one and appeared to approximate to a hyperbola resembling 
that described by Clark in the 
case of acetyl cbobne The dotted 
curve in l?i§ i^ dxavm to the 

formula Kx = ioo-'y ^ “ 

molar concentration, y = percent- 
age inhibition produced, and K = 
constant = 5750 , it vnll be seen 
that it fits the observed figures 
fairly welL (The abscissa = log 
of molar concentration for the sake 
of compressiom) 

Cyamdes act considerably 
slower than alcohols, and the 
times for halF action and half 
recovery on washing out he be- 
tween 50 and 100 seconds for -3 



concentrations between 0 01 and 
0 0001 molar cyanide 

Synergism of cyanides and ah 
cohoh Warbnrg(i) found that 
alcohols actually antagonised the 


4. Action of sodium crranide on frog’s 
eart. The broken Ime is calculated from 
a formula given m the tert. Ordinate 
per cent. lednchon m contraefaon- Ab 
smsa log of molar concentration- The 
observed values are the averages of a 
number of eipenments 


effect of cyamdes in diminishing the oxygen consumption of sea urchm’s 


eggs I found no antagonism between cyanides and alcohols but a 


combination of actions similar to that observed with mixtures of butyl 
chloral hydrate and alcohols The alcohol appeared to cover a portion 
of the heart surface and the cyanide to act on the remaining surface 
Table IH shows the results obtained m a senes of experiments of 
combining alcohol and cyamde- It can be seen that the presence of 
alcohol causes a considerable interference with the action of cyanides, 
but that a mixture of the two drugs always produces a greater action 
than either of the constituents alone, in the same concentration as they 
occur m the mixture Between each determination of the effect of 


combmations the response to the single drug was observed m order to 
allow for any increase m sensitivity during the course of the experiment, 
this was necessary as unfortunately the sensitivity is changed by 
repeated application of evamde, and therefore it is difficult to obtain 
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butyl chloral hydrate Therefore it cau scarcely be said that there is 
an antagonism between the two drugs, mterference seems a preferable 
term 

The mterference observed can be 

explamed on Warburg’s hypothesis that 

the alcohol covers the surface of the 

cell and that the other drug cannot 

react with that portion of the cell covered 

bv the alcohol Therefore the higher 

the concentration of alcohol the smaller 

wiU be the free surface upon which the 

butyl chloral hydrate can exert its effect 

Owmg to the slow rate of action and 

wash out of butyl chloral hydrate it is 

particularly difficult to get a senes of 

accurate observations with this drug, ^ Action of butyl chloral h^rate 
j ^ and alcohols on fro^s heart Oram 

and. the measurements are not sui“ ate and. abscissa as m Fig l 

ficiently accurate to bear mathematical Curve I Butyl chloral hydrate ^one. 

1 Curve IL 0 6 molar methyl alcohol 

analysis plus varying concentrations of butyl 

As previously mentioned, butyl ethvl alcohol 

chloral hydrate reacts with, and is plus varying concentrations of butyl 

removed from the heart on washmg out chloral hydrate 
nearly one himdred tunes more slowly than alcohol This difference in 
time relations is very well shown by replacmg a mixture of the two 
drugs by butyl chloral hydrate alone m unaltered concentration, the 
removal of the alcohol leaves imcovered a considerable portion of the 
surface of the heart ceUs, thus there is an immediate partial recovery, 
followed by a gradual depression as the butyl chloral hydrate slowly 
reacts with the new surface left exposed 

Action of cyanides WarburgC) found a hnear relation between 
concentration of cyamdes and their action m depressmg the oxygen 
consumption of bird’s red blood corpuscles Gray(i6), however, found 
a logarithmic relation between the concentration of cyamdes and their 
action, m depressmg both the oxygen consumption, and also the activity 
of the cihated epithehum of Mytilus ediilis Vernon (5) also observed 
that the relation between concentration of cyamdes and depression of 
the isotomc contraction of the tortoise ventricle was not a Imear relation 
I found that the action of cyamdes was profoundly influenced by 
the condition of the heart, for a ffesh heart was often ten times as re- 
sistant as a partly exhausted heart, but after a few hours the response 
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of the heart became fairly nmfomu partly exhausted hearts were 

studied the relation between concentration and action was certainly 
not a Imeax one and appeared to approximate to a hyperbola resembling 


that described by Clark(^) m the 
case of acetyl cholme The dotted 
cnrvft xn ^'ig “1 ^ drawn to the 

fonnnla Kx — iqqZ^ where x = 
molar concentration, y = percent- 
age inhibition produced, and K~ 
constant = 5750, it vnll be seen 
that it fits the observed figures 
fairlv welL (The abscissa = log 
of molar concentration for the sake 
of comptessiom) 

Cyanides act considerably 
slower than alcohols, and the 
times for half action and half 
recovery on washing out lie be- 
tween 50 and 100 seconds for 



concentrations between 0 01 
0 0001 molar cyamde 


and ^ Action of sodium cyamde on frog’s 
£cart. The broVen Ime is calculated from 
a formula grren m the text, Ordmate 


Synergism of cyanides and al- 
cohols 'Warbnrg(i) found that 
alcohols actually autagonised the 


per cent- reduction m contraction. Ab- 
scissa log of molar concentration. The 
observed values are tbe averages of a 
number of expemuents 


effect of cyamdes m ( 


sea urchin’s 


eggs I found no antagonism between cyanides and alcohols but a 


combination of actions similar to that observed with mixtures of butyl 
chloral hydrate and alcohols The alcohol appeared to cover a portion 
of the heart surface and the cyanide to act on the remaining surface 
Table III shows the results obtained m a senes of experiments of 
combining alcohol and cyanide. It can be seen tbat the presence of 
alcohol causes a considerable interference with the action of cyamdes, 
but that a mixture of the two drugs always produces a greater action 
than either of the constituents alone, in the same concentration as they 
occur m the mixture Between each determination of the effect of 
combmations the response to the smgle drug was observed m order to 
allow for any increase m sensitivitv during the course of the experiment, 
this was necessary as unfortunately the sensitivitv is changed bv 
repeated apphcation of evamde, and therefore it is difficult to obtain 
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a large number of comparable results wlucli can be plotted m a senes 
of curves 


Table ITT. Action of Bodium cyanide and ethyl alcohol alone and combined on the 


I Sodium cyanide 
ilolar cone 

0 0003 

0 0003 

frog’s heart 

0 0003 0 001 

0 001 

0 001 

0 003 

0 003 

0*003 

Per cent inhibi 
tion produced 

21 

16 

47 

80 

80 

74 

79 

80 

94 

n Ethvl alcohol 
Molar cone 

02 

04 

08 

04 

06 

08 

0 1 

02 

06 

Per cent inhibi 
tion produced 

38 

62 

71 

63 

67 

78 

22 

37 

65 

TTT. Combmation 
of I and n 

Per cent mhib 

47 

69 

84 

90 

87 

94 

84 

86 

99 4 


Warburg{i) found that the inhibition of oxygen consumption of 
bird’s red blood corpuscles produced by cyamdes alone was not mcreased 
by the addition of narcotics (alcohols and urethanes) and that low con- 
centrations of narcotics even decreased the inhibition The difference 
between my results and those of Warburg may be due to the fact 
that cyamdes have a more powerful action m inhibitmg oxidation than 
m inhi biting work, wtTereas the reverse is true for anaesthetics (Gray(i6)) 

Discussion 

In the case of the action of alcohols and cyamdes on the frog’& 
heart there is no antagonism m the strict sense, smce the addition 
of alcohol to cyamde or 'iice versa always produced a greater action 
than either of the components alone It is true, however, that m the 
presence of relatively high concentrations of alcohol, the additional 
action of cyamde was very small These facts can be accounted for by 
assuming that when the cells are exposed to a mixture of alcohol and 
cyamde, the alcohol occupies a certam proportion of the cell surface 
and thus limits the area upon which the cyamde can act This is in 
agreement with Warburg’s theory that cyamde acts selectively on 
the iron of the cell But combmations of butyl chloral hydrate and 
alcohols produced the same effects as combmations of cyamdes and 
alcohols, and therefore the displacement effect produced by alcohols is 
not peculiar to cyamdes 

SumiABY 

1 The relation between concentration and action of alcohols on the 
excised frog’s heart shows a shght curvature although the deviation 
from hneanty is not very marked 
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2 Combinations of alcohols produce an action ^vhich can be inter- 
preted as a simple additive effect, provided that the curvatiire of the 
relation between concentration and action be taken mto account 

3 The relation between concentration and action of butyl chloral 
hydrate resembles the relation seen in the alcohols 

4 The relation between action and concentration of cyanides is not 
Imear, but appears to foUow a hyperbola 

5 Combinations of alcohols witb either butyl chloral hydrate or 
with sodium cyanide do not show simple additive effects, bnt the effects 
observed can be explained on the assumption that the alcohol covers a 
portion of the surface and that the other drug acts on the remainder of 
the surface 

I am much mdebted to Prof A J Clark for suggestmg this work, 
and for his help and advice throughout its execution. 
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THE INFLUENCE OF TEMPERATURE ON THE 
MECHANICAL RESPONSES OF CERTAIN 
UNSTRIATED MUSCLES 

By F E WINTON 

{From the Department of Pharmacology, Umvers^ty College, London ) 

Introduction Among the few recorded observations on the variations of 
the responses of plam muscle to stimulation at different temperatures, 
those of Schultz(i), confirmed by Eckstein(2), are usually taken as 
characteristic They showed that the rmg preparation of the frog's 
stomach yielded contractions mcreasing with temperature up to an 
optimum value Short faradic stimub were employed Stewart(3) 
showed a similar effect of temperature on the contractions of the cat's 
bladder In a previous communication (4) the effect of temperature on 
the isometnc response of the dog’s retractor perns was shown to be 
closely similar, faradic stimuli of 5 seconds or shorter duration were 
employed 

I know of no observations sensibly divergent from this relation of 
temperature and response m unstnated muscle, exceptmg an early 
account, by Grunhagen and Samkow8ky(5), of the properties of 
various mammaban plam muscles, mcluding particularly the rabbit's 
rectococcygeus They found that variation of temperature, between 
20° C and 30° C , had little or no effect on the isotomc responses to short 
faradic stimuli 

Experimental The following experiments were mtended to define 
the region of optimum temperature for the isometnc responses of the 
retractor penis to prolonged stimulation The muscles were stimulated 
in the same constricted tube apparatus, and with the same techmque, 
as descnbed m the record of earher experiments (4) The tube was im- 
mersed m a bath of about 15 htres The temperature of the water m the 
bath was raised by running m warm water at the same tune as running 
out the colder water, and lowered by an opposite arrangement Bubbling 
air was adopted as a stirrer, and appeared to be sufi5ciently effective, 
as accuracy of temperature exceeding ] degree Centigrade was not 
required Faradic stimulation, at frequencies varymg m different 
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experiments from 5 to 40 mtenuptionsi per second, was employed 
The stmmlns was usually allowed to contmue until the maximim 
tension development had been passed In certam experiments, the 
duration of stmiulus was constant throughout the senes of contractions 
at difierent temperatures Eig Ishowsthexecordof atypical experiment 



Kg 1 laometTic responses of a retractor penis to prolonged faradic stnnnlatioii at vanons 

temperatnrea. 


The Tesnlts of this and similar experiments are given m Table I They 
show that both the total tension of the stimulated muscle, and the 
tension developed on stunnlation, decrease vnth mcreasmg temperatures 
between 19° C and 39° C Below the former temperature, the un- 
stimulated muscle tends to contract spontaneonsly, and to mamtam 
a relatively large tension for an mdefimte period Variation of contrac- 
tion at a given temperature, accordmg to whether that temperature was 
approached by wamung or coolmg, was not constant m direction All 
these experiments were performed on muscles slowly stretched to nearly 
theur length of optimum response An experiment on a mnscle at 
different temperatures, and at different lengths, snggested that the 
optimum length was only slightly less at lower temperatures The 
preparation of frog’s stomach, described by Schultz, does not appear 

' Each interruption of the primary crrcuit induces a make and break shock in the 
secondary ConseqnenUy, the ^nency of stimnlation is double the frequency of inter- 
rnption. 
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Table I Isometnc response of retractor penis (dog) to prolonged faradio stimnlation m 
Ringer solutioru Palmer coiL 2 volts in pnmary circuit 

Stimulus 



Intensitv 

Frequency 


Tension m gm. wt 


(position of 

(inter 





Muscle 

secondary 

ruptions 

Temperature 

Resting 

Stimulated 

number 

coil) 

per sec ) 


muscle 

muscle 

nx 

4 cm 

10 

26 0 

1 6 

IG'O 




310 

10 

12 7 




340 

27 

12 2 




38 6 

34 

67 




336 

66 

12 0 




28 6 

66 

104) 




23 6 

6^3 

17 0 

m 

5 cm. 

40 

23 0 

60 

16*7 




28 0 

32 

87 




33 0 

32 

46 




280 

40 

131 




23 0 

62 

16*7 

V 

6 cm 

6 

39 0 

2 1 

20 6 




34 0 

2 1 

255 




29 0 

10 

32 0 




24 0 

28 

427 




29 0 

1 1 

a46 




340 

1 7 

27 0 




39 0 

20 

216 

V 

5 cm 

20 

240 

26 

46 7 




29 0 

1 8 

43 2 




340 

27 

346 




39 0 

38 

254 




39 0 

39 

27 4 




340 

37 

32 8 




29 0 

33 

36 7 




240 

32 

37 0 

n 

7 cm 

40 

39 0 

17 

46 




39 0 

1 7 

38 




340 

19 

98 




34-0 

16 

66 




29 0 

22 

91 




29^0 

29 

10 0 




24 0 

33 

14 4 




24 0 

36 

11 6 




29 0 

1 7 

27 




340 

1 3 

1 5 




39 0 

12 

1 3 


to show increased responses at lower temperatures, even with pro- 
longed stimulation 

The isometnc and isotomc responses of the retractor perns, at 
different temperatures, to stimulation with adrenaline are recorded in 
Table 11 The contractions decrease with mcrease of temperature The 
isotomc response to 1 10® adrenalme changes only sbghtly m this sense. 
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n. Ths mectamcal responses o£ the retractor perns (dog) to strmulahou 
■With adrenaline 


Shmtaus Tem^ratnre 

(Concentration) C. 

I W 37 5 

37 5 
330 
28 5 
28 5 
230 
18 0 
23 0 
28 5 
33 0 
37 5 

9 10’ 34 5 

30-0 
25-0 
19 0 
25 0 
300 
340 


Stunulns 

(Concentra 


Tempera tore 

tion) 

Load 


1 lO’ 

9 gnu 

350 

1 10' 

8 gnu 

28 5 

24 0 

ISO 

24 0 

28 0 

33-0 

38 0 

34 5 


27 0 

410 


Tension m gnu wt, 

A 

Besting 

Stimulated 

muscle 

muscle 

15 

70 

15 

75 

1 5 

93 

15 

215 

22 

18 4 

60 

300 

19-0 

54-0 

39 

440 

20 

25-0 

10 

18 5 

15 

7 5 

86 

17 3 

86 

20 7 

86 

25 0 

10 0 

25-7 

73 

23 3 

73 

15 5 

80 

12 2 

Actual length m ems 

A 

Bestmg 

Stimulated 

muscle 

muscle 

6-00 

340 

5 82 

334 

5-82 

3 28 

5-40 

3 20 

5-61 

334 

5-82 

348 

5-43 

3 76 

490 

4 24 

5-6 

40 

6-2 

3 75 

67 

5-0 


and it IS possible that a fully maxunal dose would induce shortening to 
about the same length at all temperatures within the range under dis- 
cussion The concentration of adrenaline which ebcits a maximal iso- 
metric response is considerably greater than that which produces maxunal 
shortenmg, it has not been employed m these experiments because it 
appeared to mduce mcompletely reversible consetjuences 

Table m shows variation with temperature of the isometnc responses 
of rat s duodenum to pilocarpme and adrenalme The tension of the 
muscle, stimulated with pdocarpme, tends slightly to decrease with m- 
creasmg temperature The tension of the muscle inhib ited by adrenalme 
appears to be substantially mdependent of temperature, though the 
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TabIiE in Isometnc responses of rat’s dnodenunu 

Tension in gm wt 


Stunnlns 

Temperature 

Resting 

Stimulated 

Pilocarpme 

muscle 

muscle 

1 40000 

32 0 

67 

16 3 


27 0 

70 

16*1 


22 0 

86 

16 7 


27 0 

10 0 

16 2 


32 0 

62 

13 7 


37 0 

5 6 

12 4 

Adrenalme 

1 10* 

37 0 

86 

48 


310 

10 7 

46 


26*0 

11 6 

46 


22 0 

116 

46 

3 10« 

22 0 

10 6 

46 


27 0 

10 2 

47 


32 0 

80 

40 


37 0 

6*9 

40 


negative tension development dinuniBlies with mcreasmg temperature^ 
owing to progressive relaxation of the restmg muscle 

Condiisions The retractor perns of the dog responds to prolonged 
f aradic stimulation by developmg less tension the higher the temperature 
This relation may he connected with the more rapid progress of fatigue 
in a senes of responses at a higher than at a lower temperaturCj or with 
the increasing tendency of the unstunulated muscle to contract spon- 
taneously at the lower temperatures The mcreasmg response to short 
f aradic stimulation with mcreasmg temperatures is probably due to 
shortenmg of the time relations of the contraction cycle, so that, the 
higher the temperature, the greater the proportion of the cycle dunng 
which a stimulus of constant duration is efEective 

The isometnc and isotomc responses of the retractor perns to 
adrenalme decrease with mcreasmg temperatures That this sunplo 
relation between temperature and response is not uniformly found with 
other plam muscle, is shown by the isometnc responses of the mtestme 
to pdocarpme and adrenalme, and by the responses of the frog’s stomach 
to electncal stimulation 

The expenses of this research '^rere covered by a grant from the Government Grants 
Committee of the Royal Society 
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THE HYDROGEN ION CONCENTRATION OF THE 
MUSCLES OF THE CAT 

By K FUBUSAWA axd PHYLLIS M TOOKEY 
KERRIDGEi 

(From the DejiaTtment of Physiology and Biochemistry, 

Vmiersxiy CoJiegty London ) 

The work descnbed in this paper is the continuation of that already 
publifilied by one of us (P M T K.) with K.atz and Ijong(i) The 
hydrogen ion concentrations of both skeletal and cardiac muscles of the 
cat under nearly restmg conditions, after electrical stimulation to fatigue, 
in ngor mortis, and on the addition of known amounts of acid and base 
have been detemnned, and also the normal pH and the buffer curve of 
uterine muscle 

BxpenineTital Method The cat was ansesthetised with ether and 
chloralose For estimation of the normal pH, the gastrocnemius of one 
limb was dissected, excised and immediately plunged mto liquid air 
The thorax was then opened, the heart was cut out, the pencardium 
removed and the cardiac muscle likewise plunged, still beating, mto 
liquid air The experiments on the uterus were performed later on 
different cats, the treatment being similar to that of the other muscles 
Previous to estimation, the muscles were minced m a small tissue mincer 
m the cold store The mmced tissue was placed directly mto a glass 
electrode, and its pH measured immediately by the method descnbed 
elsewhere (2, 3) Although the actual determination was not earned out 
in the cold store it was complete m less than three mmutes after the 
tissue left the cold store, and the amount of lactic acid formed m the 
cold muscle in that time would he inappreciable 

F or the ngor mortis figures, the muscles were kept at room temperature 
for 24 hours before the pH estimation 

When it was desired to stimulate the muscles after dissection they 
were cut off from the circulation by suitably clamping, and electrodes 
were apphed to the muscles directly The frequency of stimulation with 
break shocks was about 100 per mmute The position of the electrodes 
1 Workmg for the Medical Research ConnciL 
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m the muscles was frequently moved to avoid apparent fatigue due to 
local blocks Wben the muscles failed entirely to respond further to 
electncal stimulus, they were excised, dropped mto bqmd air, and treated 
as described for normal muscles 

For the determination of the buffer capacity the muscles were weighed 
after freezing, and before mmcmg The mmced tissues m this case were 
mixed with about 40 c c of ice-cold NaCl (0 9 p c ) This dilution was 
found by experiment to produce no alteration in pH The mix ture was 
kept m a beaker surrounded by a freezmg mixture, and the surface was 
covered with a thick layer of hquid paraflBn Small amounts of normal 
solutions of lactic acid or potassium hydroxide were added at will by 
means of a 1 c c graduated pipette, the tip of which was dipped under 
the paraffin After these additions, the mixture was stirred and a small 
sample was removed under paraffin for pH estimation, by means of a 
glass tube furnished with a rubber teat The estimation was quickly 
made, and the sample returned to the mam bulk of mixture It was 
ascertamed that equilibrium with the solid phase was complete by 
repeatmg the titration on material already once used, and showmg that 
the first and second results comcided 

The values of hydrogen ion concentration recorded are at 0^ C The 
pH of muscles m ngor was usually determmed at room temperature 
In eight cases, the pH of these muscles was measured at room temperature 
and at 0° C In this way a pH-temperature correction was found, and 
the remamder of the pH figures of muscles m ngor expressed at 0° C 
The higher the temperature, the more acid was the muscle 

In the determmations on the cold muscles, which were not frozen, 
but whose temperature was never allowed to get above 0® C , some 
assumption had to be made as to the temperature of the glass membrane, 
m order to calculate the pH from the E m f It was found mconvenient 
to work with the entire electrode at 0° C , owmg to condensation on it 
of moisture from the air The phosphate buffer solution on one side of 
the membrane being at room temperature, and the muscles at 0® C , it 
was assumed that the temperature was midway between these two 
temperatures This assumption we considered justified on the following 
grounds Walbum(4) states that the alteration of pH of phosphate 
buffer solutions with temperature is neghgible We showed that the 
change m pH of il//20 potassium hydrogen phthalate between 0° C 
and 38 ° C was less than 0 01 pH Further, the pH of M/20 potassium 
hydrogen phthalate solution was measured with the phthalate at 0° 
and the phosphate solution on the other side of the membrane at room 
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tempeTatuie, the above-explained assumption as to temperature of 
membrane being made This agreed mtb the other determmation 
(3 97) withm the bun ts of experimental error 

Tabi>e I 

pH of muscles at 0® C. 

^ ^ 

Resting Fatigued In ngor 

Cardiac 7 07^ 03(9) 0 66±08(12) G39i 11(10) 

Gastrocnemius 7 CH± 03 (15) 0’26± 07 (14) 6 02i: 07 (15) 

Uterus 7 42rc 12(8) — — 

pH temp coefficient of musde — 004 pH per I'’ CX 

The figures given represent each a mean valuer with the probable 
error of the mean, based on experiments the number of which is given 
m brackets The probable error of a smgle pH determination on blood 
by the glass electrode method has been shown elsewhere (o) to be only 
± 01 The probable error of a determination on muscle will not be 
very different from this figure, and the probable errors of the means 
given m the above table represent almost entirely the mdividual vena- 
tion of these constants m cats 

Buffer curies The effect on the hydrogen ion concentration of the 
muscles of addmg acid or base are shown m Figs 1, 2 and 3 Fig 1 
embodies the results of experiments on the cardiac and gastrocnemius 
muscles of eight cats Fig 2 shows similar results on the uterme muscle 
of eight (different) cats Fig 3 shows the change m bnffermg power of 
the muscles with pH, and is calculated from Figs 1 and 2 by takmg 
the tangents to the curves at mtervals of 0 05 pH 

A shght modification of the umt of bnffermg power suggested by 
V SIyke(6) has been used The umt of buffering power adopted is the 

(Metential ratio , expressmg the relation between the mcrement (m 

miUimoIs per 100 gm of tissue) of base B (or acid) added to the tissue, 
and the resultant mcrement in pH Thus a tissue has a buSer power of 1, 
when 100 gm will take up 1 miUmiol of base or acid per umt change m 
pH 

Discussion The pH of restmg skeletal and cardiac muscle is the 
same withm the lumts of mdividual vanation The mean pH 7 05 is 
slightly more acid than venous blood The latter was determmed directly 
by takmg blood from the femoral vem of au anaesthetised cat, with a 
paraffined syrmge The pH of the venous blood was 7 66 at 0° C and 
7 31 at 38° C ’ 


3—2 





Fig 2 Buffer curves of ntenne muscle of cat (P signifies pregnant ) 
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Foi the detemmatioii at 0° C , the blood was cooled to 0° C under 
paraffin, and qnicldy transferred to the electrode The huger soton 
on the other side of the membrane was at room temperature. The 
temperature of the membrane was assumed to be halfway between 
0" C and room temperature For the detemunation at 38 C , the glass 
electrode and calomel electrodes were mside an electncally controlled 
an bath, so that the solutions on both sides of the membrane were at 
tbe same temperature, viz 38° C 
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It IS not easy to determine the temperature coefficient of the pH 
of resting muscles ovnng to the development of lactic acid above 0° C 
If It be assumed that the pH-temperature coefficient of resting muscles 
IS approximately the same as that of ngid muscles, the pH of the 
freshly excised muscles may be supposed to be approximately 7 05-0 15, 
t e 6 90 at 38° C Katz and Long (7) found m their freshly excised 
muscles, which they plunged into ice-cold alcohol, 0 67 millimols p c 
lactic acid m skeletal muscle, and 0 33 millimols p c m cardiac muscle 
Part of this acid was unavoidably produced during the excision process 
It is probable that m our techmque there was developed an amount of 
acid of the same order From the buffer curve it can be seen that a 
subtraction of the above amounts of lactic acid from the respective 
muscles would give pH 7 30 and pH 7 28 at 0° C , or pH 7 15 and 7 13 
at 38° C It therefore appears probable, if the assumption be correct 
that the pHdemperatuxe coefficients of rigid and resting muscles ate 
approxunately equal, that slightly more acid was formed m our technique, 
than in that of Katz and Long This may have occurred either on 
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account of the hqmd air freezing, or during the mincing Meyerhof 
and Lohmann(8) state that they found high restmg values of lactic 
acid when they froze frog’s muscles m hqmd air 

Combmmg the pH measurements of the muscles st imula ted to 
fatigue and m ngor, and the bufEer curves, it is possible to deduce m- 
directly the amount of lactic acid present m the muscles under these 
conditions, ass umin g that no acid other than lactic acid is produced 
^ durmg these processes The results of such calculations are given in 
Table II, together with the results found by direct experiment by 
Katz and Long For the purpose of comparison, pendmg direct 
experiments on the lactic acid formed durmg our technique, their 
restmg values of lactic acid have been assumed 

Considermg the experiments were done on different animals, the 
agreement is very fair It may therefore be concluded that the above 
assumption was correct, i e that no acid other than lactic acid is pro 
duced m the muscles on stimulation, or after death 

Meyerhof and Lohmann(8) found that the pH of frog’s muscle 
at rest was 7 11, stimulated to fatigue was about 6 31, and about 6 0 pH 
m rigor These figures are very similar to those found by us for the 
skeletal muscle of the cat 

TabixE n 

Lactic acid content (mM, p c.) 

A 

f ^ 

Dir#HJt estimation Indirect estimation 



(K and L.) 

(F and K ) 

Skeletal muscle 

Resting 

0 64± 13 

(0 U) 

Fatigued 

30 ±28 

3 89± 20 

In ngor 

6 76± 62 

4 94± 30 

Cardiac muscle 

Restmg 

0 34 ± 02 

(0 34) 

Fatigued 

0 85-t- 16 

1 14± 20 

In ngor 

2 2 -L 30 

164± 25 


Meyerhof and Lohmann made an extract of the muscles with 
sodium chloride solution, water, or alcohol, and measured the pH of 
the extract with a hydrogen or qumhy drone electrode They also made 
a few experiments to determine the amount of change of pH on addition 
of acid, but their results are difficult to compare with our buffer curve 
on account of the fact that they used extracts instead of mmced tissue 
They found considerable differences m the results obtamed with dif- 
ferent kmds of frogs, and with the same kmda under various con- 
ditions 

The buffer curves of the heart and gastrocnemius muscles (Fig 1) 
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show points o! inflexion- These inflexions aie moie obvious m the 
buffer curves of one mdmdual than m a mean curve such as is repro- 
duced here — ^the inflexions occurring at slightly different hydrogen ion 
concentrations consequentlv the effect is smoothed out m a curve 
through the experimental results on eight mdividuals 

In Fig 3 where buffering power is plotted against pH, it will be 
seen that there is a maximum value for the buffering power of each 
tissue The titration cnxves are not accurate beyond pH 6 0 as m media 
more acid than this lactic acid is not fuHy dissociated- In an experiment 
on the buffenog power of a beef infusion medium, ClaTk(9) found that 
the curves ohtamed, using lactic acid m one case and hvdrochlonc acid 
m another, were identical up to pH 6 0 In a few early experiments we 
used hrdrochlonc acid instead of lactic acid and obtamed identical 
resnlts 

It can he shown that the hydrogen ion concentration, at which the 
buffering power is at a maxunum, is numerically eq^ual to the dissocia- 
tion constants of the buffer acids (9) In muscles there will be a numher 
of weak acids and their salts acting as buffers, and the K calculated 
thus will be a mean value This is equal to 3 55 x 10~" for skeletal 
muscle, and I 47 10^" for cardiac muscle Thus skeletal muscle con- 

tains one or more acid radicles which are stronger than those of cardiac 
muscle and which raise the mean dissociation constant That there are 
several acids and their salts concerned m the buffering m this range 
of pH IS also mdicated by the fact that the buffering power — pH 
curve IS not symmetrical, the buffering power being greater, at con- 
centrations more acid than the maximum, tjian at concentrations to an 
equal extent more alkaline 

The experiments of Andrews, Beattie and Hilroy(i0), on the 
buffermg capacity of the extracted ]uice of skeletal mnscle of horse and 
dog are difficult to compare with the results obtained bv us as they 
do not give whole curves, but it is obvions that the buffermg powers 
of the extracted ]uice of horse and dog and the mmced tissues of cat 
are of the same order 

The results with the plam mnscle are noticeably different from those 
with the other two The resting pH is more alkalme, viz 7 42 assuming 
approximatelv the same pH-temperature coefficient as that of the other 
muscles m ngor this would correspond to 7 27 at 38° C , which is near 
the pH of the venous blood (7 31) The average deviation from the 
mean resting value was, however, about four tunes as great as in the 
case of the other muscles 
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Tlie buffering power of the uterme muscle is remarkably different 
from that of the other muscles Especially noticeable is its mconstancy, 
whereas all the observations obtamed on the gastrocnemius and cardiac 
muscles fall closely round a mean Ime, m the case of the uterme muscle 
all the pomts on any one cat he on a smooth curve, but the curves on 
different cats show considerable divergence There is no obvious correla- 
‘tion between this vanation and pregnancy (In cases where the uterus 
was pregnant the curves have been marked with a P ) The curves m 
Eig 2 are somewhat difficult to compare, as the mitial pH was diEEerent 
m each case In Eig 3 the mean buffenng power of the uterme muscle 
IS plotted agamst pH, and the average deviation from the mean curve 
on either side has been shown m dotted hnes It will be seen that while 
the maximum average buffermg power of the uterme muscle is not as 
great as the maximum buffermg power of either the cardiac or the gastro- 
cneimus muscle, yet m the range of pH from 7 4 to 6 6, the mean 
buffermg power is greater than that of cardiac muscle, and m mdividual 
cases may be as great as that of the gastrocnemius The position of the 
maximum m the buffer curve is also different from that of the other 
muscles, occuxrmg at pH 6 8, givmg a mean dissociation constant of 
the buffer acids m uterme muscle as 1 6 x 

The buffermg capacity of the muscles is due m part to the morganic 
salts present, but also (and probably mamly) to the protems Variations 
of the buffermg capacity may be caused either by changes m the con- 
centration of the constituents, or by changes m composition Saxl(ii) 
showed that the protem content of the three types of muscle was 
different In stnated muscle he found that J of the total protem was 
soluble’^ protem, constitutmg the muscle plasma, whereas m cardiac 
muscle only ^ was soluble, and m smooth muscle only J Two proteins 
could be identified from the muscle plasma m stnated and cardiac 
muscle, which have been called myogen and myosm Myosm was shown 
to be absent from smooth muscle It remains to be shown by future 
work whether there is any correlation between these differences m 
protem content and the buffermg capacities 

SUMMAKY 

The hydrogen ion concentration of skeletal, cardiac and uterme 
muscles of the cat under nearly restmg conditions have been detemuned, 
and of skeletal and cardiac muscles after electncal stimulation to fatigue, 
and m ngor mortis 

Titration curves of minced skeletal, cardiac and uterme muscles 
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have been obtained The mean dissociation constants of the acids actmg 
as bnffeis m the physiological range of pH are 10^® and 10“® 

for skeletal, cardiac and nterme muscles respectively 

In conclusion, we beg to offer our smcere thanks to Prof A V Hill, 
F H S , for his helpful advice and criticism, and to the Medical Hesearch 
Council for defraying the expenses of the research 
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ON THE ACTION OF PILOCARPINE 
By T B HEATON M H MACKEITH 


{From the Dej)artment of Pharmacology, TJmversity of Oxford ) 

That pilocarpine stimulates the endmgs of the parasympathetic system 
IS generally agreed what other action, or actions, it may have is still 
a matter of uncertamty Edmunds (i) claims a direct action upon 
some varieties of plam muscle Dale and Laidlaw(2) state that it 
stimulates the endmgs of the preganghomc sympathetic fibres Cushny (3) 
appears to regard pilocarpme as promotmg the output of adrenahn 
while Stewart and Rogoff (4) and also Elliott(5) find that this does 
not occur, at least to any appreciable extent Sal ant and Kleitman(6) 
suggest that pilocarpme may have the effect of sensitismg the sympathetic 
system 

Confusion exists even with regard to the effect of pilocarpme on the 
blood-pressure the account gi^en by Dixon and Ransom(7) seems 
the most detailed m the hterature These authors say “ On the mjection 
of a few mgm of pilocarpme mto the circulation of a dog or a cat, the 
vessels contract, while the heart-beat becomes slower and weaker the 
blood-pressure may either nse or faU, depending on the degree of 
weakemng of the heart and of constriction of the vessels a nse of 
pressure is usual m the dog, but is seldom observed m the cat ’’ One 
tracmg of a ‘‘ pressor response ” to pilocarpme m the dog is given m the 
article referred to, showmg a nse of pressure amountmg to a few mm 
of mercury above the pre-mjection level 

The experiments to be descnbed were concerned chiefly with the 
effect of pilocarpme on the blood-pressure they were all earned out on 
cats of medium size (1500-2500 gm weight, except where otherwise 
stated), and all mjections were made mice salme mto the nght 
external jugular vem towards the heart 

Thus administered to the anaesthetised cat pdocarpme, as is well 
known, provokes a fall of blood-pressure associated with, and probably 
entirely due to, vagus slowmg of the heart While there is, with moderate 
doses of about 1 mgm per kdo, speedy recovery from this fall, the blood- 
pressure does not nse appreciably above the pre-mjection level (Fig 1) 
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If, however, the injection be made into the decapitate preparation (8), 
the initial fall of blood-pressure is closely followed by a secondary nse, 
amounting often to as much as 100 mm Hg, and lasting for a con- 
sidexable time (Pig 2) This consistent result has particularly attracted 
our attention, and to its attempted explanation the later experiments 
were directed 

This secondary pressor effect cannot be attnbuted to any pecuhanty 
of dosage, smce it was obtamed with doses varying from 0 13 to 6 0 mgm 
per kilo , nor to the cessation of anaesthesia, since it occurs unaltered 
when insufdation of the anaesthetic is contmued through the respiration 
pump after decapitation, whether the “aneesthesia” be hght or deep, 
and whether ether or chloroform Neither is the rise of blood-pressnre 
an asphyxial effect, due to the broncho -constrictor action of pilocarpme 
as will be seen later, this is much less well marked m the decapitate 
than m the ansesthetised or decerebrate animal It will be seen more 
over from Fig 2 that the nse under consideration is not at all com- 
parable m character with that ansmg from asphyxia 

Neither is this pressor response to be associated with a low level 
of pre-mjection blood-pressure It is true that as a rule the blood- 
pressure is lower m the decapitate than m the aneesthetised animal, but 
this IS not mvanably the case, and a nse after pilocarpme of 70 mm 
has been observed from a pre-mjection level of 150 mm Hg (Fig 3), 
while m the aneesthetised animal we have never seen a pressor response, 
whether the mitial blood-pressure were 130 mm or 60 mm. 

Three different specimens of the alkaloid were used m the course of 
the work, and there was therefore no reason to suppose that the un- 
expected pressor effect was due to any detenoration or impunty m the 
drug 

The pressor response is usually accompamed by some acceleration of 
the heart-beat above the rate existmg durmg the prelumnary vagal fall, 
but it IS qmte clear that the speedmg-up of the heart is never nearly 
enough to accoimt for the blood-pressure nse Indeed, quite often, there 
IS some mtenmssion of the heart at the height of the nse (Fig 6) It 
would therefore appear evident that the magmtude and persistence of 
the nse of pressure are dependent upon an action of pilocarpme on either 
the muscular walls of the arteries, or some pomt on the course of then 
nervous supply 

If the suprarenal capsules of the decapitate cat be hgated before 
administenng pilocarpme, the secondary nse m pressure is not obtamed, 
or is but small m amount, the curve resembhng that given by the 
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ansesthetifled animal (Fig 4) Tins would appear to localise the action 
to the pre-ganghomc or ganglionic part of the sympathetic system, which 
of course includes the suprarenals it does not, however, t necessarily 
mdicate that the effect is due to liberation of adrenalin, smce the 
operation of tying off the suprarenals involves considerable disturbances 
of the splanchnic nerves and abdommal sympathetic ganglia Indeed, 
Stewart and Rogoff (4) brought direct evidence that adrenalm is not 
liberated by pilocarpine mjection (They were working, however, upon 
the intact and not the decapitate animal ) Further evidence against the 
pressor nse being the result of adrenalm liberation is provided by (a) its 
long sustained character, and (6) the fact that it is cut short by atropme, 
m spite of the resultmg cardiac acceleration (Fig 5) Cu8hny(3) also 





has noticed that the action of pdocarpme on the cat’s uterus, which 
resembles sympathetic stimulation, is abolished by atropme 

In order to test this pomt more accurately, pilocarpme was ad- 
ministered to a decapitate cat, whose sympathetic gangha had been 
previously paralysed by apocodeme For this purpose nicotme is un- 
suitable, owmg to its prolonged mitial stimulant action nicotme further 
causes great reflex excitabihty, and depletion of the suprarenals 
Apocodeme has not these disadvantages m moderate doses, as D ixon(t)) 
has shown, sympathetic ganglia are paralysed while peripheral vaso- 
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motor eadmgs are unaffected and tie snprarenals nnimpaiied. It vras 
toand tiat by m 3 ection mto a cat areigiung 2 kg of 100 mgm of apoco- 
deine (10 mgm. at a tune, at mtervals of two minutes) a condition was 
reached where stimulation of the splanchnic nerve no longer caused a 
nse of blood-pressure The result of administering pilocarpme to such 
an anunal is shown m Eig 6 the imbal depressor action is slight, either 
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because the blood-ptessnre is already low, or because the vagus endings 
are paralysed (Dixon, loc af), and it is followed by no secondary 
pressor effect at all The tracing shows also the effect of injection of 
adrenalin, proving that the peripheral effector organs are unaffected 

From this expeninent the conclusion was drawn that the secondary 
pressor action of pilocarpine on the decapitate cat can he attributed to 
action on the suprarenals only in so far as these form part of the system 
of sympathetic ganglia 

TVhen in]ections were made into the decerebrate preparation {lO}, 
breathing spontaneously and with medullary centres mtact, pilocarpme 
was found to act as in the ansesthetised, and not as m the decapitate 
ammal, there was no mdication whatever of a secondary nse of blood- 
pressure (Fig 7) in fact the recovery occurring after the initial fall was 
usuaUy less complete than m the anjesthetised ammal Smce it seemed 
po^slble that the secondary effect of the pilocarpme might have been 
masked bv some potent depressor reflex, the expenment was repeated. 
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botli in the anaesthetised and in the decerebrate animal, after seciaoE 
of both vagi The efEect of the drug remained unaltered there was no 
pressor nse 

It might be supposed, however, 
that there exists a tome depressor 
influence of the bulbar va so -motor 
centres, and that therefore these 
pressor responses can only be ehcited 
after its exclusion This conception 
however would scarcely agree with 
(1) the fact that the blood-pressure 
m the spmal cat is defimtely lower 
than m the intact animal, and not 
higher as would be the case had any 
depressor influence been removed m 
decapitation, and (2) the observa- 
tion (cf Sherrington, Mammalian 
Physiology, pp 90, 143) that while 
pressor responses can easily be evoked on stimulation of afferent nerves 
m the mtact or the decerebrate animal, they are almost mehcitable on 
similar stimulation of the recently decapitate preparation 

It would seem therefore (1) that pilocarpme has a pressor action on 
the decapitate cat, through direct stimulation of some pomt m the 
course of the sympathetic system, (2) that this action is only revealed 
when the connection of the bulbar centres with the peripheral mechanism 
(blood-vessel musculature) is mterrupted, and (3) that smee the mtegnty 
of the connection with the bulbar centres thus affects the result of 
administration, this action is exercised somewhere on the pre-ganghomc 
side of the vaso-constnetor path, and probably, as D ale and Laidlaw(2) 
suggested, at the endmgs of the pre-ganghomc sympathetic fibres 

Repeated doses If a second dose of pilocarpme be administered to a 
decapitate cat immediately the effect of a moderate first dose has worn 
off, no pressor effect is obtamed If, however, an hour be allowed to 
elapse between the two doses, a defimte nse of pressure foUows the 
second, though less than the very pronounced nse which follows the 
first Smee Elliott(5) showed that such a phenomenon cannot result 
from suprarenal exhaustion, this affords further evidence that the 
secondary effect of pilocarpme is not due to adrenahn hberation It is 
not due to fatigue of the penpheral effector mechanism, for an mjection 
of adrenahn immediately after the first pilocarpme dose produces its 
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normal result This absence of pressor effect with a second dose of 
pdocarpme would lend support to tbe view that the action of the drug 
is upon some readily fatigahle part of the sympathetic nervous system. 

Action on the bronchi Pilocarpme, as is well-known, produces on 
injection into the anaesthetised cat a marked constnction of the bronchi 
In the decapitate animal, however, a distmct constnctor efiect is rarely 
observed, and marked constriction does not occur Smce the bronchioles 
are constricted by vagus stimulation and inhibited by sympathetic 
atunulation (or afhenalin), this observation falls mto hue with the sug- 
gestion that m the decapitate condition a sympathetic stimulatmg 
action of pilocarpine occurs 

Action of arecohne Though arecolme, weight for weight, is a more 
powerful drug than pilocarpine, it is generally stated that the actions 
of the two are similar On infection of arecohne, however, into the 
decapitate cat, only the initial depressor response was found to occur, 
with no secondary nse whatever _This was confirmed for doses of areco- 
hne varjung from 0 0025 to 0 5 mgm per kg of body weight From 
this it would appear that while arecolme shares with pilocarpme a 
stimulant action upon parasympathetic endmgs, it has none of the 
latter's effect upon the sympathetic In accordance with this suggestion 
IS the fact that while pilocarpme, as stated above, acts but feebly on 
the bronchi of the decapitate cat, arecolme on the other hand produces 
a marked constnction 

StTiEMABY 

1 The fall of blood-pressnre which follows on the mjection of 
pilocarpme is succeeded m the case of the decapitate cat by a secondary 
nse of remarkable extent and considerable duration 

2 This secondary pressor effect is not seen m the decerebrate or m 
the ancesthetised animal 

3 There is reason to beheve that this pressor effect is due to an 
action upon the endmgs of the pre-ganghoms sympathetic fibres (Dale 
and Laidlaw), disclosed only when their central connections are 
dinded This factor is held to account m some measure for discrepancies 
m pre\ lous results 

4 Arecolme does not give nse to this secondary pressor effect, and 
the supposed identity m action between pilocarpme and arecolme is 
therefore not complete 

e wish to record our great obbgations to Professor J A Gunn, 
Professor of Pharmacology m the Umversity of Oxford, for tbe facilities 
rn Lxm . 
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both m the anaesthetised and m the decerebrate animal, after section 
of both vagi The effect of the drag remained unaltered there was no 
pressor nse 

It might be supposed, however, 
that there exists a tonic depressor 
influence of the bulbar vaso-motor 
centres, and that therefore these 
pressor responses can only be elicited 
after its exclusion. This conception 
however would scarcely agree with 
(1) the fact that the blood-pressure 
m the spmal cat is defimtely lower 
than in the mtact animal, and not 
higher as would be the case had any 
depressor influence been removed in 
decapitation, and (2) the observa- 
tion (cf Sherrington, Mammalian 
Physiology, pp 90, 143) that while 
pressor responses can easily be evoked on stimulation of afferent nerves 
m the intact or the decerebrate animal, they are almost mehcitable on 
similar stimulation of the recently decapitate preparation 

It would seem therefore (1) that pilocarpme has a pressor action on 
the decapitate cat, through direct stimulation of some pomt m the 
course of the sympathetic system, (2) that this action is only revealed 
when the connection of the bulbar centres with the penpheral mechanism 
(blood-vessel musculature) is mterrupted, and (3) that smce the mtegnty 
of the connection with the bulbar centres thus affects the result of 
administration, this action is exercised somewhere on the pre-ganghomc 
sideof the vaso-constnctor path, and probably, as Dale and Laidlaw(3) 
suggested, at the endings of the pre-ganghomc sympathetic fibres 

Repeated doses If a second dose of pilocarpme be administered to a 
decapitate cat immediately the effect of a moderate first dose has worn 
off, no pressor effect is obtamed If, however, an hour be allowed to 
elapse between the two doses, a de fini te nse of pressure follows the 
second, though less than the very pronounced nse which follows the 
first Smce Elliott (6) showed that such a phenomenon cannot result 
from suprarenal exhaustion, this affords further evidence that the 
secondary effect of pilocarpme is not due to adrenalm hberatiom It is 
not due to fatigue of the penpheral effector mechamsm, for an mjection 
of adrenahn immediately after the first pilocarpme dose produces its 
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normal result This absence of pressor effect mth a second dose of 
pilocarpine \<ronld lend support to the view that the action of the drug 
IS upon some readily fatigable part of the sympathetic nervous system. 
Action on the bronchi Pilocarpme, as is well-known, produces on 
injection mtn the ancesthetised cat a marked constnction of the bronchi 
In the decapitate animal, however, a distmct constrictor effect is rarely 
observed, and marked constnction does not occur Smce the bronchioles 
are constricted by vagus stimulation and inhibited by sympathetic 
stimulation (or achenalm), this observation falls mto line with the sug- 
gestion that in the decapitate condition a sympathetic stimulatmg 
action of pilocarpme occurs 

Action of arecohne Though arecolme, weight for weight, is a more 
powerful drug than pilocarpme, it is generally stated that the actions 
of the two are similar On mjection of arecolme, however, mto the 
decapitate cat, only the initial depressor response was found to occur, 
with no secondary nse whatever, ^This was confirmed for doses of areco- 
lme varymg from 0 0025 to 0 5 mgm per kg of body weight From 
this it would appear that while arecolme shares with pilocarpme a 
stimulant action upon parasympathetic endings, it has none of the 
latter’s effect upon the sympathetic In accordance with this suggestion 
IS the fact that while pilocarpme, as stated above, acts but feebly on 
the bronchi of the decapitate cat, arecolme on the other hand produces 
a marked constnction 

SuiDIARY 

1 The fall of blood-pressure which follows on the mjection of 
pilocarpme is succeeded m the case of the decapitate cat by a secondary 
nse of remarkable extent and considerable duration 

2 This secondarv pressor effect is not seen m the decerebrata or m 
the ansestheteed animal 

3 There is reason to bebeve that this pressor effect is due to an 
action upon the endings of the pre-ganghonis sympathetic fibres (Dale 
and Laidlaw), disclosed only when then central connections are 
divided This factor is held to accoimt m some measure for discrepancies 
m pre\nous results 

4 Arecolme does not give nse to this secondary pressor effect and 
the supposed identity m action between pilocarpme and arecolme is 
therefore not complete 

We wish to record our great obligations to Professor J A Gunn, 
Professor of Pharmacology m the Umversitr of Oxford, for the facilities 
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which he has granted us m his laboratory, and for much very helpful 
criticism 
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REACTION OF SMOOTH MUSCLE TO THE 
H-ION CONCENTRATION 

By B A. ilcSWINEY W H NEWTON 

(From the Departments of Physiology, 

Unnersiiies of Leeds and Manchester ) 

The reaction of smooth muscle to change m the H-ion concentration 
has engaged the attention of many observers In 1923 Evans and 
Underhilla) shovred that the addition of dilute acid always caused 
a relaxation and alkali a contraction The reaction to small changes of pH 
has been mvestigated by Gaskellp) and Bayliss(3), who both obtained 
vaso-dilatation m the frog with weak lactic acid , Ga sk ell also noted that 
alkahes contracted the arteries Toung(i) and BotazzKS) confirmed 
these results by experiments on the mammalian mtestme, the latter also 
demonstrated that alkahes caused an increase of tone 

Observations on the reactions with a greater range of pH were 
made by Dixon (6), who stated that weak lactic acid produced relaxation 
of the frog s stomach and while a certam mcrease m strength merely 
accelerated this effect, solutions of 1/500 caused a rapid mcrease of tonus, 
with subsequent slow relaxation Wild and Platt (7) found that aciditv 
caused vaso-constnction m the frog but that very weak acid some- 
times caused a preliminary dilatation Farndon(S) obtamed similar 
acid effects on the mammahan uterus and added that alkah augmented 
the tonus Fleisch(9) confirmed the fact that slight and strong acidity 
caused smooth muscle to relax and contract respectively Atzler and 
LehmannaO) have mvestigated the reaction of the blood vessels to 
changes m the H-ion concentration and have drawn a curve relating 
the rate of perfusion to the pH of the perfusmg flmd Thev suggested 
the effect was due to a physico-ehemical reaction. Contraction of smooth 
muscle with acid has also been obtamed by Hookeroi), Ishikawa(i2), 
and Fraenkel and Horita(i3) 

In these experiments we have attempted to mvestigate the reaction 
of smooth muscle to changes m the H-ion concentration, first to as- 
certam if the muscle reacts to acids and alkahes m the same degree 
as to drugs and secondly to find if possible the mechanism which is 


4—2 
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responsible for alterations m tonus or length with small and large 
changes of pH 

Method A glass muscle chamber and frontal wntmg pomt were used, 
the remamder of the apparatus being s imil ar to that already described (14) 
Kinger-Tyrode solution was used, but phosphates were omitted, partly 
to obviate precipitation m alkalme solution, but mainly to have sodium 
bicarbonate as the sole buffer To control the pH of the solution carbon 
dioxide was suppbed from a gasometer at a constant pressure, the rate 
of bubbhng being regulated by a metal tap A curve was drawn relating 
the position of the tap with the pH of the solution as deter min ed by the 
Dale-Evans method By altermg the position of the tap a constant 
pH could be mamtamed for as long as desired, a change of 0 5 pH m 
the acid direction took not more than five minutes and m the reverse 
direction from ten to fifteen minutes The major part of the former 
change occurred withm two mmutes, m the latter the rate of change 
was almost uniform throughout For large alterations of pH sodium 
hydroxide and hydrochloric acid were used The temperature of the 
flmd was controlled at 37° C by a thermostat 

Expeninental results The present senes of experiments shows the 
effect of changes m pH upon the stops of gastoc musculature which are 
capable of altermg their condition of tonus In a later paper the reaction 
of stops of smooth muscle which are capable of rhythmic movement will 
be descnbed and compared to other types of muscle The stomachs of 
rats, rabbits and cats were used m the experiments The choice of stops 
was facilitated by reference to the paper of Brown and McSwiney(i4) 
m which a table was given demonstrating that a tonus gradient ensts, 
the muscle of the cardia and fundus giving the greatest reaction to 
pilocarpme, and that from the region of the pylorus showing practically 
no alteration m length The tonus gradient was found to be the same for 
pH change as for the addition of pilocarpme, the fundus showing the 
maximal alterations m length To mvestigate the reaction of the muscle 
to small changes of the H-ion concentration, the solution was altered 
withm limits of about pH 7 to pH 8 The experiments were always 
commenced at pH 7 5 

In experiments on the fundus and upper body a moderate mcrease 
of pH produced contraction of the muscle, a moderate decrease of pH 
caused relaxation These effects are reproduced in Figs 1 and 2, the 
strips of muscle bemg taken from the fundus of the rabbit’s and cat’s 
stomach respectively A frontal wntmg pomt was employed so that a 
good picture is seen of the onset and dechne of the effects of acidity 
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(Fie 2) Tlie course of relaxation is at first rapid bat becomes ^adually 
slower, wbicb would suggest that tlie cbange of pH of tbe solution is 




COi. \ 




f^H7 7l 


Fig 1 BabbiVe fttudufi. Tracing to sliow relojcaticm and contraotjon with moderate 
decrease and increaae of 



Fig Z Cat^s fxmdufi Tracing to aboir relaxation and contraction ^th moderate 
change of pH, also contraction of the mnsde irjth a big decreafie of pH, 


rapid enough to outstep the rate of reaction of the muacle so that the 
latter stages of relaxation represent a gradual adjustment of the muscle 
to the pH The course of recovery, on altering the pH back to its normal 
\ alue, seems at first to follow a straight hne, this is probably due to the 
fact that the length of the muscle at any pomt corresponds to the pH 
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of the solution owing to the slow' rate of increase in H-ion concentration 
by the method of bubblmg 



!Fig 3 Fundua of cat. Tracing to show preliminary relaxation 
and contraction on decrease of 

An interesting effect occurs in the fundic fibres of the greater curva- 
ture of the cat and is, so far as has been ascertained, pecuhar to that 
region and animaL On reduction of the pH a complete cycle of relaxa- 
tion and contraction is gone through before the onset of the mam 
relaxation This phenomenon was so marked m one experiment that it 
was mistaken for an effect normally observed with much greater altera- 
tion of the H“ion concentration Occasionally one or both phases m 
the cycle may be replaced by a latent period durmg which the muscle 
will show no alteration m length before the onset of the mam relaxation 
Another exception to the general rule was found m the cardia As 
it was very difficult to obtam preparations of this part, owmg to mclusion 
of either fundic or oesophageal muscle, only a few experiments are 
available from which any conclusions may be drawn These mdicate, 
however, that httle or no effect is produced by moderate changes m pH, 
whereas pdocarpme will cause a marked change m length When the 
muscle IB contracted after addition of pdocarpme the reaction to the 
H-ion concentration becomes more marked 

The contraction of the gastnc musculature obtamed with large doses 
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of pilocarpine ivas not final as tlie muscle could still be made to contaact 
by a sbgbt mciease of alkalinity (Fig 4) Tbe muscle can also be made to 
relax after*tbe addition of atropme by sbgbtly mcreasmg tbe acidity 



Fig 4 Preparation of rabbit’a ftmdns Tracing to abow further oonfaraotion 
of muaole with increase of pH after addition of pilocarpine. 


After the study of the reaction of muscle stops to alterations of 
the pH within narrow limits, an attempt was made to see if these re- 
actions were specific ot merely one phase of a general acid and alkali 
action on the tissue For these mvestigations large changes in the pH 
of the solution were produced by addition of hydrochlonc acid and 
sodium hydroxide, the pH being altered withm limits of about pH 2 to 
pH 10 The experimental results ate described m the order m which 
they were oh tamed The addition of 0 125 c c of hydrochlonc acid to 
the solution caused relaxation of a stop of the rabbit’s fundus, the 
final pH of the solution being 6 62 On altering the solution to pH 5 2 
by further addition of the same amount of hydrochlonc acid the muscle 
agam relaxed, but increasing the acidity to pH 2 i caused a sharp con- 
traction follou ed by a slow relaxation 

The same result is seen in Pig 5, where the first two doses were given 
m one When the acidity of the solution had been brought to pH 6 2 
the muscle could be made to contract not only by addition of acid but 
also by addition of alkab The reaction of a stop of the rat’s fundus, 
on addition of 1 c c of concentrated hydrochlonc acid, sp gr 1 16, 
making the solution about pH 1 6, was a sharp contraction followed by 
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a slow relaxation, the muscle bemg prevented from showmg the pre- 
liminary relaxation owmg to the sudden large change m the pH of the 
solution If only 0 5 c c of the same acid was added, makmg the solution 
about pH 2 18, then considerable prelimmary relaxation was recorded 
followed by contraction In later experiments it was found unnecessary 
to brmg the tissue to the low pH of 2 4 to bung about contraction The 
sudden drop of pH from 5 2 to 2 4 on the third addition of 0 125 c c of 



acid was due to the complete neutralisation of the bicarbonate, leaving 
free acid m the solution Reduction of the pH to about 5 9, by the 
ordinary carbon dioxide method, is sufficient to send the muscle into a 
slow contraction The rate of contraction vanes as does the actual pH 
at which it occurs Fig 6 was obtained from a late experiment, in which 
the techmque was good, the muscle was free from mucous membrane 
and showed a rapid imtial fall followed by a contraction considerably 
quicker than those obtamed m the majonty of experiments 

A considerable number of experiments were performed with the 
object of findmg the exact pH at which the relaxation would give way 
to contraction The pomt, however, was found to be vanable, and the 
most that can be said is that it nearly always occurred before pH 6 7 
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vras reached, and nsnallr at about pH 5 9 In a number of experiments 
contraction came on as early as pH 6 5, and m Fig I it can be seen 
commencing at pH 7 Sometimes too, even at pH 5 / , the muscle would 
remam relaxed without a sign of contraction Although these are 
exceptional results, their presence, taken together with the varying 
rates of contraction of the stops, and their widely different latent penods, 
forbids more than a general statement as to the pH of the turning pomt 
The contraction when brought about by CO 2 is partially reversible, 
that IS, a decrease m acidity will cause a certam amount of relaxation 
Further addition of acid after pH 2 1 has been reached causes a relaxa- 
tion of the muscle 

The effect of moderate changes of pH to the alkahne side have 
previously been described, the muscle contra ctmg withm normal limits 
On addition of 2s a OH to the solution the muscle contracted further, 
but after a certam pomt was reached a rapid relaxation occurred which 



Hg 7 BabbU j fnndu. Ttacmg to contraction and rekiaboa 
of mnscle on addjbon of aUnl. 

a final 
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In Fig 7 this result is seen with a preparation from the antenor 
surface of the rabbit’s fundus when NaOH was added to the Einger’s 
solution so as to give the concentration 0 0176 N On further addition 
of alkah, to 0 026 N, a marked relaxation resulted It is possible there 
fore to obtam contraction and relaxation of smooth muscle on addition 
of alkahes, the former efEect occurrmg wnthm narrow limits 

Discussion The curve shown m Fig 8 mdicates the way in which 
smooth muscle, capable of a change m length, reacts when the pH of 
the solution is changed m a certam direction Whether the reaction is 
a contraction or a relaxation depends upon the pH at which the change 
is made It is necessary to bear m nund that all experiments were started 
at a pH of about 7 6, so that the curve must be read away from this 



Jig 8 Curve to show reaction of smooth muscle with alteration of 

value, that is from the pomt N, on each side AVhen the pH is mcreased 
the muscle contracts, as mdicated by the Ime ND, but when the pomt B 
is reached further mcrease causes a rapid relaxation, shown by DE 
(Fig 7) On decreasmg the pH a relaxation of the muscle occurs, cone 
sponding to iVC on the curve, and this is followed by a contraction 
correspondmg to CB (Fig 6) Further acidity brmgs about the slow 
relaxation BA (Fig 6) The turmng pomts have been roughly determmed, 
and B occurs at a pH of about 2, C at 6 9, and D at a strength of 
NaOH = 0 0175 N 

In the region of CD changes of pH are almost completely reversible 
That is, after the tissue has reacted to a given change, it can be restored 
to its ongmal length by reversmg that change, and its sensibility is 
fully retamed (Fig 2) Between C and B partial reversal is obtamed with 
difficulty From B to A and D to E the change is irreversible 

This curve, although not based on quantitative measurements, bears a 



59 


H’I02\S Oy SMOOTH MUSOLE. 

lemaikable lesemblance to Loeb s(i5) curve sbo^vmg the effect of fR 
on tbe swelling of gelatine This immediately recalls the suggestion of 
Atzler and Lehmann that H-ions act directly on the muscle protein. 
The fact that reactions to changes of pR can be superimposed upon the 
effects obtamed with atropme, pilocarpme and mcotme suggests that the 
change m length is mdependent of the peripheral nervous system. This 
IS further emphasised by experiments by Evans and Underhill and 
Atzlex and Lehmann in which degeneration of the nerve plexuses 
was allowed to occur, allowing for the failmg vitahty of the muscle, 
the mam reaction to pH changes was the same as m ordinary prepara- 
tions Fleisch also demonstrated that vascular reactions obtamed by 
central stimulation and those obtamed by changes of the peripheral 
pH could be superimposed m mammals 

Although our results suggest a purely physico-chemical basis for the 
reaction of the muscle to change of pH, it would be unjustifiable to 
attach too much significance to the mere shape of the curve It must be 
taken mto account that oulv m the part CD is complete reversibihty 
of action obtained, and if the svstem is a rigid physico-chemical one 
there would be no reason for one part of the curve to be different from 
any other m this respect Agam, m this part, CD, the response to a 
change is prompt, and the end pomt of its effect defimte, m other parts 
of the curve, the response is much more sluggish, and the effect produced 
is likely not to stop, unless mterfered with, until it has gone absolutely 
to completion that is, when a further change of pH m the same direction 
would produce no contmuance of the same effect Fmally, there is the 
question of the vanabihty of the pomt on the acid side where relaxation 
merges mto contraction 

These objections can be overcome by making tbe provisional assump- 
tion that the muscle protein is mvolved m some change which occurs 
m the other constituents of the muscle, when the pH is changed beyond 
certain himts On this basis the true equilibnum between muscle length 
and pH, observed m the part CD of the curve, would be an expression 
of the unfettered reaction of the protein to the pH changes The portion 
DE and BA would represent the involvement of the protein in some 
irreversible condition, m which it was changed so as to be insensitive 
to small variations of pH The part CB would then mdicate the state 
of the tissue when the final irreversible change was creeping on, but the 
protein partly retamed its ongmal nature 
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Conclusions 

1 Moderate changes of pH to the acid side of pH 7 5 cause a relaxa- 
tion, to the alkaline side a contraction of smooth muscle 

2 Large changes of pH to the acid side cause a contraction (pH 5 9 
to 2 1), finally relaxation (beyond pH 2 1), of the smooth muscle To the 
alkaline side, large changes (NaOH to 0 0175 N) cause contraction, and 
still larger changes finally relaxation 

3 The reaction of the smooth muscle to alterations of pH appears 
to be mdependent of the peripheral nervous system 

4 The reaction of smooth muscle to changes of pH, it is suggested, 
is of a physico-cheimcal nature 

The expenses of this research have been defrayed, m part, by a grant from the 
Government Grant Committee of the Boyal Society 


REFERENCE^ 

1 Evans and Underhill This Joum 58 p 1 1923 

2 Gaskell Ibid. 3 p 48 1880 

3 Bayliss Ibid. 26 1900 Proc PhysioL Soo 32. 

4. Young Quart. Joum Exp Physiol 8 p 345 1914 

5 Botazzi Rendiconti acc di Lmcei, 25 1916 20 1917 Phvsiol Abstr 3 p 103 

1918-19 

0 Uixon This Joum 28 p 57 1902 

7 Wild and Platt Bnt Med Joum 2 p 1238 1902 

8 Farndon Biochem Joum 3 p 408 1908 

9 Fleisch Pfl Arch 171 p SG 1918 Zeit f allg Physiol 19 p 270 1921 

10 Atzler and Lehmann Pfl Arch 190 p 118 1921 197 p 221 1923 

11 Hooker Amer Joum Ph\’8iol 31 p 47 1912 

12 Ishikawa Zeit f allg Physiol IG p 235 1914 

13 Fraenkel and Morita Pfl Arch. 207 p 165 1925 

14 Brovrn and McSwincy Quart Joum Exp Ph 3 ;r 8 iol 16 p 9 1926 
16 Loeb Proteins and Theory of Colloidal Behaviour, pp 80-81 1922 



THE SPINAL REFLEXES OF THE SKATE 
By C HELEN CRAW 

{Richardson Fellow in Anatomy, UmversUy of Toronto) 

(From the Atlantic Biological Station, St Andrews, New Brunswick ) 

The skate is an Elasmobranch, belonging to the genus JJaja It is a 
relatively haidy animal and suitable for experimental studies The 
“spinal” skate is easily prepared and can be kept ahve for weeks Its 
reflexes are numerous and lend themselves well to observation 

Technique Observations were made on 25 skates caught by trawl 
and removed to the laboratory tanks which contamed running sea water 
The skates were largely Raja ennacea Mitchdl and averaged 20 mches 
m length They remained in the tanks two days, at the end of which 
time they appeared normally active Without removing the skate from 
the water, we cut between the medulla oblongata and the cord, entering 
by a small transverse wound m the roid-doraal line immediately behind 
the most posterior part of the skull Haemorrhage was controlled by 
pluggmg the wound with cotton 

In 50 p c of the cases, the respiratory movements continued normally 
In the other 50 p c they ceased or appeared weak and irregular In 
the latter cases, we inserted a tube of runnmg water mto the mouth 
and allowed the stream to run out over the giUs Normal respiratory 
movements havmg returned withm an hour we removed the tube Hi 
a few cases we destroyed the bram, respiratory movements never then 
returned, the tube method of artificial respiration being used the whole 
tune 

Observations were made with electneal, thermal and chemical 
stimuh, but the mechanical proved so satisfactory and convement that 
it was adopted entirely Both ventral and dorsal surfaces of the skate 
were m\estigated by pmching with metal forceps, and by hght tonch 
and strokmg with the same mstrument 

These expenments are summanzed m Table I, which should be 
read m conjunction with Figs 1 and 2 

The response to stimulation of the postenor pectoral border (Area E 
Fig 1) IS bilateral, usually a httle weaker on the contralateral side 
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TabIiE I Reflexes of the Spinal Skate in Response to Mechanical Stimuli* 


Receptive area 

Stimulus 

Response 

Ventral surface 



(1) Abdominal region (A) 

Stroking or pmching 
the skm 

A general ventral contraction of 
afl the fins and of the tail 

(2) At base of pelvic fin (B), 
area stretches out along 
the fin 

Light touch 

A ventral flexion of the distal 
part of the antenor lobe of the 
pelvic fin (unilateral) 

(3) Pectoral fin — mid ven 
tral surface ((7) 

Stroking 

Curlmg of the edge of the fin 
ventrally 

(4) Tail — ^ventral surface 

Stroking and 
pinching 

Strong postenor rotation (ad 
duerbon) of the pelvic fins so 
that their postenor lobes over 
lap across the mid Ime m front 
of the tail 

(6) Lateral border of pec 
toral fin — antenor Ibalf 

w 

Pinching edge 

Curling of edge of fin ventrally 
When stimulus is repeated the 
curling 18 followed by a vigorous 
dorsal flip of the whole ^ 

(6) Lateral border of pec 
toral fin — posterior naif 
(B) 

Pinching edge 

Ventral curling of pectoral fin — 
antenor rotation (abduction) of 
antenor lobe of pelvic fin-Hi 
lateral movement of tail to side 
of stimulation 

(7) Pelvic fin — tip of an 
tenor lobe andpostenor 
border of antenor lobe 

(J^) 

Pmching 

Ventral flexion of distal part of 
antenor lobe When stimulna 
IS strong — there is also a ven 
tral curhng of the pectoral fin 

(8) Lateral border of pos 
tenor lobe of pelvic fin 
(0) 

Pinching 

Rotation of pelvic lobe — gener 
ally in a postenor direction but 
sometimes the postenor rota 
tion is folio wea by anterior 
rotation which position is 
mam tamed 

Dorsal surface 



(9) Mid line — particularly in 
region of pelvic girdle (i/) 

Stroking heavy 

Dorsal arching of the tad and 
raismg of the antenor part of 
the body, so that the pelvK' 
region and the tip of tail only 
touch bottom of tank 

(10) Soft part at the base of 
the pectoral fin (B) 

Light touch 

A dorsal curl of the pectoral fin 

(11) Ditto (B) 

Stroking 

A ventral curlmg contraction 

(12) Tail 

Pinching whole thick 
ness of tad 

Lateral movement of body and 
tail to same side 

(13) Dorsal fins and tip of fail 

Pinohmg 

lAteral movement of body and 
tail which, if the stimulation is 


contmued alternates from side 
to side and la accompanied by 
rotatory moroments of the 
l>elvic fans The whole reflex if 
strong causes the skate to swim 
forwards 
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The lateral border of the pectoral fin carls strongly m the v^tral 
direction, the anterior lobe of the pelvic fin rotates m the anterior 
direction (abducts) and often flexes ventraliy The tail moves to the 



ipsilateral side A pmcb of the edge "was the commonest stimulus used, 
hut when the skate is very reactive a bght tap suffices The reflex after- 
discharge 18 sometimes very long (1--5 mmutes) It can be inhibited by 
the posterior rotatory reflex ansmg from stimulation of the tail It 
IS among the first to appear and the last to disappear The response 
appears first in the pectoral fin, then m the pelvic fin, and later m the tail, 
and disappears m the same order When the response of the tail is very 
strong the contralateral pelvic lobe is often drawn down in a posterior 
direction When the skate is lying on its ventral surface the response 
of the contralateral fin is often an undulating wave of contraction, 
similar to that seen m the pectoral fins when the skate is swimming 
The dorsal surface is much less sensitive than the ventral Com- 
parison of the two responses from area K (Fig 2) is interesting The 
response to bght touch can only be elicited a^r a number of stimuli 
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(8-12) are given If stimulation is discontmued the pectoral fin arises 
only a few centimetres and then faUs, but if it is contmued the whole 



Fig 2 Dorsal surface 

fin will make a complete curl so that the lateral edge touches the mid- 
dorsal region The response to stroking m the same area is by ventral 
curling which tucks the peripheral part of the fin under the rest of it 
In two skates the stroking had to be very severe or the response was 
similar to that from touch stimulation 

I detected no penod following the spmal operation m which all 
reflexes caudal to the section were absent The reflexes were usually 
weak, mcreasmg in strength gradually for the first hour Extreme 
reactivity was obsen ed 1 to 3 hours after operation , a very hght touch 
then elicited a response This extreme sensitivity gradually disappeared 
and the skate then showed the regular responses as listed above 

Immediately after operation, if the skate were held up by its tail, 
the pectoral fins fell down m a limp manner so that their borders almost 
met m the mid-ventral Ime The normal skate so held flaps these fins, 
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or ii quiescent they hang m a more lateral posture with the penpheral 
part lifted dorsally In the second week after operation, the fins gradually 
recover tins posture 

TVith care the spinal skate u'ould li\ e for months I took no aseptic 
precautions in my operations The skato is extremely sensitive to 
anossemia One spmal skate lying m a small tank of still vrat^ exhibited 
very weak responses in three-(juarters of an hour and total absence of 
them m two hours When the taps were turned on agam the reflexes 
recovered and lasted some days 

One skate showed active responses at the end of six weeks I fed 
the skates with a httle fish muscle, puttmg the food into the back of 
the mouth Digestive operations appeared normal iSTormal egg-cases 
were laid by three of the spmal skates 

Li/e hahis I studied the swimming and feeding habits of the skate 
for possible relations of the reflexes to these activities of the normal 
animal 

The skate, unlike the shark and other members of the Raja group, 
IS a sluggish animal living on the bottom of the sea Its mouth is on 
the ventral side of its head It obtains its food (molluscs, crustaceans 
and smaller fish) by approachmg them qmetly, and swimming right over 
them It pins its prey down between its own body and the sea-bottom, 
and by quick movements of the fish fins, the prey is earned by water 
currents to the mouth and devoured I have observed that when one 
attempts to hft the skate up by the tad, it often resists with a strong 
hold of the fins on the bottom of the tank Sometimes m drawmg up 
the trawl, a very severe tug is necessary to bnng the skate from the 
bottom, showing that the flexor muscles must be very strong 

There seem to be two types of locomotion In one the anterior lobes of 
the pehic fin are used against the bottom of the tank, usually together but 
sometimes separately, whde the pectorals exhibit undulating movements 
In the second and more rapid type of swimming the whole fish is off the 
bottom of the tank The antenor lobes of the pelvic fins ate held far 
posteriorly, and thelocomotion is earned out by the rhythmic imdulations 
oi the pectorals The tad is used as a rudder, but m rapid swimmmg 
It ma} be “swished ’ from side to side In tummg, the head end of the 
ammal and the tad approach towards the side of turning— the pelvic 
fins being usually used against the bottom 

In\estigating one Raja radiata, I found strong reflexes which vaned 
m certam ways from the responses of Raja ennacca For example, 
the pectoral edge reflex chcited a postenor rather than an antenor 
vn Lxni 


6 
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response m the pelvic fins, which were shorter and thicker than m 
Ermaceae 

Anatomical notes The pectoral fin border can be divided by its 
innervation into two parts which correspond roughly with receptive 
areas D and E (Fig 1) The antenor part is supphed by the most anterior 
pectoral fin nerves, which, after passing out of the vertebral canal, form 
a ‘‘^brachiaF’ plexus The posterior half is supphed by nerves which 
remain distmct throughout their course and innervate successive small 
areas of the fin They run m a postero -lateral direction across the soft 
part of the back (the region between the girdles) lying just external to 
the pentonemn Eeaching the metapterygium of the pectoral fin they 
divide A small branch runs around to supply the ventral musculature 
while the two ter min al branches run still postero-lateraUy on either side 
of the metapterygium, one supplying the dorsal and the other the ventral 
muscle layers The pelvic fim is supphed by twelve nerves, six gomg to 
the anterior and six to the postenor lobe The first nerves form a plexus 
of a simple kmd 

Distal electrical stimulation of the cut end of a pectoral fin nerve 
caused a movement of the correspondmg part of the fin covermg about 
three to five fin rays Distal stimulation of the first two pelvic nerves 
caused antenor rotation of the antenor lobe, of the fourth and sixth 
postenor rotation of the same, while the last six nerves ventral curling 
of the postenor lobe 

By central electncal stimulation of the cut ends of the sixth to the 
eighth pectoral nerves I obtamed antenor rotation of the antenor lobe 
of the pelvic fin 

Results of transection, total and partial, of the cord The cord was 
exposed by removmg the appropnate laminse from the dorsal aspect 
Experiments showed that the extent of exposure of the cord should be 
as small as possible As the haemorrhage is often considerable, bleeding 
from the muscles of the wound was controlled by cautery In one very 
active skate the spmal column was opened to the extent of 3 to 4 mches 
The animal hved four days, but never recovered active reflexes With 
exposure of the cord just sufficient for operation, the reflexes recover 
m 10 to 16 nunutes 

In choosmg my level for transection I regularly counted eight 
^e^teb^aD back from the pectoral girdle and entered posteriorly to the 
eighth, but there is much vanation m the relation of cord to vertebrae 

It IS possible to isolate between complete transverse sections the part 
of the cord which contains the centres and receives the nerves of a par- 
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ticular lefies I liave isolated tte cord segments for the pelvic fin between 
two sections, one anterior to the first nerve to the pelvic fin, and the 
second twelve nerve segments further back Immediately after the final 
section, all reflex activity is lost, but begms to return m 10 mmutes 
A pmch of the edge evoked rotation and ventral flexion of the anterior 
lobe of both ipsilateral and contralateral fins In addition the back 
arched and the tad moved slightly This movement of the tad must be 
entirely due to the action of the back muscles above the second lesion 
because pmchmg the tad caused a lateral movement of the tad, but no 


response m tlie pelvic fins 

I v^as able to isolate the postenor pectoral curl in response to pectoral 
pmch, but never got any satisfactory isolation of the antenor pelvic 
rotation reflex m response to pectoral pinch 

I cut one half of the cord between the most postenor nerves 
supplying the pectoral fin and the most antenor supplying the pelvic, 
and used the reflex from the postenor pectoral edge (Area E, Fig 1) 
to test the results 

In my first experiments I did not allow for a recovery penod and 
judged that all responses of the pelvic fin from stimulation of the pectoral 
edge of the mjnxed side were eluronated, while those of the uninjured 
side remamed strong ipsilateraUy and weak contralaterally 

After a short penod, however, all reflexes began to return On tbe 
mtact side, the ipsilateral response was strong, the contralateral weak, 
while on the sectioned side the ipsilateral was weak and the contralateral 
fairly strong 


In one skate with very strong reflexes I made a right seroisection in 
the usual place Ten mmutes after the operation both pectoral fins 
responded to pmchmg of the edge by a strong ventral curl The only 
response of the pelvic fins was the ipsilateral response of the left (un- 
injured) side In an hour the responses of the pelvic fins from stunulation 
of the nght side had begxm to reappear The tad responded to stimulation 
on the left side but showed no response on the right In four hours the 
nght side showed a strong contralateral pelvic fin response and a response 
of the tad, which however was always away from the side stimulated 
After 24 hours the skate was m good condition. The tail always 
mo\cd to the left (uninjured) side and the right pelvic fin rotated 
postcnorly Thus stimulation of the nght (mjured) side yielded a strong 
contralateral antenor rotation, a weak ipsdateral postenor rotation and 
a % erv weak movement of the tad to the contralateral side In response 
to stimulation of the left (umnjured) side I received a strong ipsdateral 
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anterior rotation of the pelvic fin, a weaker contralateral postenor 
rotation, and a remarkably strong lateral movement of the tail to the 
ipsilateral side This position of tail strongly curled to the left, nght pehac 
fin postenorly rotated and left pelvic fin anteriorly rotated, was often 
held for a very long time It is illustrated diagrammatically m Fig 3 
It could sometimes be ebcited by abdo min al stimulation 



^ig 3 

The pelvic fins were very sensitive Pmchmg their edge caused a 
postenor rotation of both pelvic fins, and a lateral movement of the tail 
to the stimulated side — thus the tail moved to the nght side when the 
nght pelvic fin was stimulated but to the left when the nght pectoral 
fin was stimulated 

By the fourth day the reflexes were weaker 

The extent of spmal crossing of nerve-impulses is evidently con 
siderable Microscopic exanunation of the lesion showed that the gray 
matter of the nght side has been destroyed completely and the dorsal, 
lateral and a large part of the ventral columns of the white matter The 
ventro-mesial comer of the ventral column was not cut The left half 
of the cord was mtact 
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SUM^IAKT 

1 A “spinal” skate is a very smtable preparation for studying of 
reflexes 

2 Different types of its spinal reflexes are described 

3 Influence of total and partial transection of tbe spinal cord on 
tbe spinal reflexes is descnbed 

I wish to thank Professor B P Babkin of Dalhousie University 
for suggesting the problem and for his active cooperation, Professor 
J J K Macleo d of the University of Toronto for advice, and Dr A 6 
Huntsman, Director of the St Andrews Biological Station, for ar~ 
ranging for the obtaining of the matenal required 



OBSERVATIONS ON THE MOTOR TWITCH AND ON 
REFLEX INHIBITION OF THE TENDON-JERK 
OF M SUPRASPINATUS 

By D E {Beit Memorial FeJloto) 

AOT) E G T LIDDELL 

{From the Laboratory of Physiology, Oxford ) 

This note describes some expemnents earned out with the tendon-] erk 
of M supra spinatus m decerebrate and spmal cats, in comparison with 
the motor twitch, and offers some conclusions regarding reflex action 
deduced therefrom 

Method of exyperiinent The methods and apparatus used are pre 
cisely those which have been desenbed m a recent communication (4) 
M supraspmatus has been isolatedly attached to a shadow myograph 
of high vibration frequency, and the muscle action currents have been 
sampled with the same strmg galvanometer (Cambndge pattern) The 
break shock has been applied from a Berne coil (coreless) m the manner 
previously described (i), the movement of the key which breaks the 
primary circuit (2 volts) bemg actually photographed on the plate Eor 
obtaining condenser discharges the ''chronaximeter” of Lapicque^has 
been used The tap on the tendon has been given either by finger or by 
a cam'Operated mechamcal tapper devised by one of us (D D -B ) The 
stimulatmg electrodes are of silver, coated electrolytically with chlonde 
for condenser discharges, the kathode bemg remote from the cut end 
of the nerve and 1 cm from the anode When the motor nerve to 
M supraspmatus has been stimulated, the kathode has been 2 5 enu 
from the muscle Nerves for stimulation are kept warm (37° C ) and 
just moist with isotomc salme solution Spreadmg of the current (ex- 
ternal and mtemal) along the nerve does not extend to the muscle as 
observed by the stnng record unless very strong stimub are used (5 cm 
Berne coi1)(15a) The maximal and minimal twitches, desenbed in 
the first section of the paper, need not have thresholds widely apart 
and are ebcitable moreover with weak stimub (23 cm maximal and 
24 cm minimal, Berne cod, i e 1 cm above threshold) Neglectmg the 

^ ilade by Mosars Boulitte, Pans, 
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bnef penod demanded for the passage of tbe impnlse m tins short nerve, 
their latent penods are i 2 ct for the maxim al tvat-ch and i 4 So for the 
muumal This difierence may m part be dne to current spread, but it 
appears largely to be a genmne and fnndamental dofEerence of functional 
activity, unless there be some very gross difierence m the conduction 
rates of the nerve-impulse to the two types of muscle concerned Eurther 
evidence for this behef is forthcoming shortlyl3) 

The motor twitch In the mvestigation by the myographic method 
of reflex activities, it is necessary m order to draw any accurate con- 
clusions from the isometric responses of the tendon-jerks to make a 
careful analysis of the isometric twitch resultmg from the apphcation 
of a break-shock or of the discharge from a condenser to the cut motor 
nerve This is manifest smce the motor twitch is the absolute basic 
cntenon of reflex activities 

The maximal twitch of il supraspmatus has mterestmg properties 
There is a latent period of — 2 <t and a total duration, measured from 
the beg innin g of the action current to the “angle ’ (Eulton(6)), of 
36— ISo- (Eig 1) — a very bnef duration for mammahan muscle A well- 
marked “pomt of inflection” occurs relatively low down m the ascent 
which IS evidence of the synchiomcity of the volley m the motor im- 
pulse ( 5 , is) 

The curve of relaxation from a maximal twitch of a homogeneous 
muscle decbnes regularly to the restmg tension (7) The curve m!M supra- 
spmatus IS seen, however, to show a more or less ill-defined secondarv 
angle after half-relaxation, finally reachmg the restmg tension 200-2S0 (t 
after the angle This secondary angle or “hump (13) we bebeve to be 
identical with the “ISase” of Funkeao) and the “contraaone lenta o 
tomca” of BottazziUA) This delay or 2Tase is not due to low tem- 
perature or deficient blood supply uoi, both of which we have been 
careful to exclude, but is the expression of a compound response of at 
least two categories of muscle fibre— red (slow) and pale (rapid) fibres 
An inspection of the anatomv of the muscle reveals a bulk of red fibres 
mabng up a considerable portion of its mtenor The more superficial 
fibres are distmctlv paler 

If a minimal twitch (Fig 2) be exammed the curve of contraction, 
after a longer latent penod (± 4 jo), is seen to have a low pomt of m- 
flcction, a less steep ascent, and a duration of 110-145 <t, while the whole 
process still subsides withm approximatelv the same tune as does the 
maximal twitch There is no sign of the process which has the shorter 
latent penod, ascent, and duration It is probable then that the 



Fig 2 ]7,g 4 




73 


TESDOy^JERE OF SUPRASPINATUS 

tnaviTnal tmtct IS the expiessioii oi the total combined response of the 
two trp^ fibres— winch are known to difier in ]nst those quabties 
winch distingmsh the two processes desonbed above In the maxunal 
response the angle of the “slow twitch is obscured because of the 
relative embedding of red fibres m the relaxing pale mass 

There is some mdication that fibres intermediate between red and 
pale mav exist m supraspinatus — for instance a stimulus ]U5t supra- 
mmimal occasionallv shows a duration of 90cr 

Inirodnclion to obscnaiwns on tendon jerJ refer The “knee-]erk 
phenomenon is now generally accepted as a reflex action mvolving a 
verv short rntra-spin^ path ( Jolly (1^,15) and Snyder(20)) while the 
demonstration of its inhibition by appropriate stimuh (Sh erring t on (la)) 
had prenouslv rendered mdirect evidence that its character was pro- 
bablv reflex Jolly found that the latent penod from the tap on the 
tendon to the current of action in the knee extensor muscle was only 
3 5 <t He postulated therefore the existence of onlv two sjnapsQS in 
the reflex arc 

The general char actors of the “jerJ of 31 suprasjnnatxis In our 
present experiments we have found that the latent penod of the " jerk ’ 
of supraspmatus is of the same order of duration as for the knee extensor 
The mtraspmal path must likewise be bnef for this muscle also In 
Fig 3 it can be seen that the latent penod from the onset of the tap 
to the registration of action current bv the strmg is about So Under 
varving conditions of reflex inhibitions we have found the latent penoSl 
of the jerk to be lengthened or shortened according to the condition of 
the centre and we consider this as additional evidence of the reflex 
nature of the jerk Ballif, Fulton and LiddellO) noted that a much 
smaller stimulus is needed to ebcit the jerk-response m the decerebrate 
condition than m the spinal condition In these experiments on dece- 
rebrate supraspmatus we also have found that verv small stretch- 
stimuh (taps) can ehcit a well-marked response Thus in Fig 4 the 
tap 15 approxunatelv (j 3 mm as measured on the plate The combmed 
optical and mechanical magnification of tendon movement in our present 
expenmcnts is 40 times Therefore the stretch of the tendon is about 
Sg Yet that IS sufficient in this muscle whose longest fasciculi avera^^e 
some GO or TO mm and whose shortest some 2G min to ebcit a respoi^e 
deiclopmg o 31 kg of tension 

The decprebrate reflex response has a duration of from S 0 c 7 to lOOcr 
(Fig 3) It IS evident therefore that pale fibres must take part The 
rtflex lollev of impuL-^ is less smchionous than is the motor, so that 
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the point of inflection is proportionately higher than in the motor 
twitch and less well marked (cf Fig 1 (motor) and Fig 6 (reflex)) The 
relaxation is slow and after inhibition occasionally shows a hump (Fig 5), 
this bemg most probably an enhanced myotatic appendage, since it is 
accompamed by a marked stnng deflection A less probable mterpre 
tation IS that the ^^hump” is a purely peripheral phenomenon (“Nase”) 
resultmg from the delayed relaxation of red fibres, m which case a string 
deflection would not be expected smce it does not occur in the motor 
twitch 

Behaviour to %nhihition Smgle break-shocks apphed to an ipsilateral 
afferent nerve, if smtably placed m time, can inhibit completely the 
jerk-response of supraspmatus m the decerebrate ammal Similar con 
elusions regarding the knee-jerk were reached by Ballif, Fulton and 
Liddell(i) usmg precisely the same strengths of inhibition as m our 
present experiments A strong ipsilateral stimulus, however, has the 
additional effect on M supraspmatus of ehcitmg a large ipsilateral con 
traction This contraction, recorded both by the myograph and by the 
stnng movement^, tends to compheate the observation of the inhibitory 
effect on the jerk The latent penod of this ipsilateral smgle break- 
shock reflex is shown to be 66o- by analysis of records (Fig 6 a) The 
marked evidence of its presence at a penod when the jerk is suffering 
extreme depression suggest that those muscle-fibres which engage m 
the jerk are different from those which are concerned m the smgle break 
shock reflex In Fig 6 b, for instance, the smgle break-shock reflex 
occurs on top of a jerk-response, while m Fig 6 o the reflex is reaching 
a plateau at the tune when a tendon-tap recorded m the plateau ehcits 
40cr later a very small jerk-response It appears to be due to a number 
of flexor-hke fibres (‘‘flexor-hke” m their response to an ipsilateral 
8timulns(9)) showmg activity withm a relative large mass of mert ex- 
tensor mnscle The angle of a small ipsilateral reflex is obscured by the 
dampmg effect of the rema inin g muscle mass Occasionally (Fig 6 a), 
a distmct “Nase” is seen, while the whole process has but a smgle 
mitial electneal variation, suggestmg that this is a response by both red 
and pale fibres to a smgle volley of impulses from the reflex centre 

The general characters and tune of appearance of the ipsilateral 

1 We have satisfied ourselves that this single break shock reflex is a genuine phono 
mcnon, and not an artefact duo to general movement in the preparation, by frequent tests 
of our fixation methods and by direct observation of the tendon That pnmaiy movement 
of the stnng record is the same for the ipsilateral reflex as for the jerk supports the belief 
in its genuine character 
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Fip G A A Fcnc3 of tendon responses. The signal shows the application of a break 
shock (o the ipsitntcral internal cutaneous nerve (Berne coil, coreleas, 4 cm) 
U Same cipenment coil '> cm CD Same experiment coil 4 cm The signal is 
the top of each reconi between the galvanometer string and the time marker 
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single break-shock reflex thus being established, it is possible to examine 
more closely the jerk-responses after inhibition by dissecting them away 
from the ipsdateral effect As was adverted to above, Fig 6 a shows 
that when the inhibitory stimulus is almost comcident with the onset 
of the jerk, complete inhibition results Fig 6 a therefore reduces to la 
or shghtly more the margm of time withm which a smgle inhibitory 
stimulus, meetmg an afferent volley en face, can annul it, a penod with 
a brevity of the same order as that proposed by Ballif, Fulton and 
Liddell for the knee-jerk (i) In Fig 6 n, the break-shock having been 
dehvered to the nerve peripherally only 4cr before the efferent volley 
from the effector centres occurs, the inhibition arrives too late to cut 
short the central discharge which is already “under-way ” 

This phenomenon occurs also m the stretch-reflex of M supraspmatus 
A tetamc stimulus apphed durmg the static phase of the stretch reflex 
may have only the smallest inhibitory effect Yet the same stimulus, 
when apphed before the stretch, is able to prevent entirely the develop 
ment of the reflex and the myograph tracmg is that of a completely 
atomc or paralysed muscle From this it may be concluded that in 
favourable circumstances inhibitory stunuh which can suppress the 
onset of a stretch-reflex may yet have only the shghtest effect m the 
early stage of its actual course 

Recovery from inhibition This is a rapid process In Fig 6 o the myo- 
graph and the strmg record give evidence that even withm lOOa of the 
inhibition, there is some response to a tendon-tap In another record 
there is more evident recovery withm 110a from a rather weaker mhi 
bition Followmg immediately on the penod of depression, there is a 
period of “reboimd"’ (post-inhibitory exaltation, augmentation) The 
time of onset and extent of this capricious phenomenon are variable 
Not infrequently m our experiments, as m observations by previous 
workers, its appearance is later after strong inhibitions, is earher after 
moderate inhibition, and is absent after weak mhibitions In the course 
of present experiments the “rebound” or augmentation at the central 
loci IS entirely latent and does not become apparent until the state of 
the nerve-centres is sampled by a teudon-jerk This latent exalted state 
at nerve-centres may, therefore, be a prelimmary stage to the “rebound” 
contraction of previous authors Thus m Fig 3 130a after dehvery of 
the inhibitory shock there is no alteration m the resting tension of the 
muscle Yet a tap at that moment elicits a jerk of bnefer latent penod 
(6a as agamst 8a), of more rapid ascent and of shorter plateau accom- 
pamed by a larger action current m the strmg These data pomt to a 
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gteatei ‘^vrakefulness/’ as it were, of the nerve centres and to a more 
synchronous discharge of efferent volley of impulses This state of the 
nerve centres might be termed laleiii succe^siie induction Figs 6 a, B 
and n shovr the same phenomenon vith different strengths of stimnlus 
and therefore vath different times of onset (tSOa m 6 a and n, 490a in 6 b) 

In Fig 3 the exalted jerk shovrs an abbreviation m dtuation by some 
20 p c as compared vith the control jerks, and this not mcluding the 
briefer latent period It is somewhat less abbreviated m Fig 6 A, B, n 
The stage of exaltation need not, however, be a true poshinhibitory 
phenomenon, bnt may be due to the stimulation of mixed nerves in the 
nerve-trunk This has been adverted to in a recent paper (t) IVhatevei 
its fundamental character may be, it is an event wbicb can take 
place np to some 500a after a smgle moderate break-shock stimulus 
The knee-jerk and other tendon-jerks have often been accepted as 
evidence of the state of ‘‘tone ’ existmg m nerve-centres In Fig 3 the 
jerk is markedly enhanced without there being any increase m tone 
Nevertheless there is the exaltation of the tendon-reffex Sometimes 
there is actually a decrease of tone and yet exaltation of the tendon- 
reflex, It seems probable to us therefore that the tendon-jerk is not an 
mdex of the “tonus” of a muscle which latter is only an aspect of the 
so-called “stretch -reflex” 

The exaltation folio wmg tetamc inhibition of the knee-jerk has been 
noted by Sherrington(io) and Tiets(2i) but was not observed by 
Ballif, Fulton and Liddell after a single break-shock inhibition It 
has been frequently recorded m our experiments on M supraspmatus 
That there should be this rebound or “swmg-over” to exaltation after 
a single inhibitory stimulus is a phenomenon which recalls the appear- 
ance of negatii e after-images m the eye some time after withdrawal of 
the stimulus 

In favour of the view that the apparent resistance of the nerve 
centres of II supraspmatus to inhibition may be due to the all-embracmg 
elcctncal stimulation of mixed nerves, it has been observed that several 
brief stretches of the tendon of If hiceps hrachu, an antagonist, during 
10 seconds may inhibit entirely the jerk-response of il supraspmatus 
for as long as GO seconds This form of inhibition which is pure (2) and 
unmixed hns been used to annul the stretch-reflex of 31 vasto-crureus 
m the lower bmb(iG) 

This long lasting effect of the stimulus m its positive character is 
a contribution to the evidence that processes of inhibition or of ex- 
citation at nerve centres are states of considerable temporal duration. 
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not readily explicable by an interference mecbanism in tbe nerve 
centres 

The tendon jerk in the spinal condition In its general features, there 
ifl no very wide difference of the response, such as has been observed 
for the knee-]erk, in the spinal condition from that m the decerebrate 
A small tap is not usually so effective in ehcitmg a jerk in the spinal 
condition as it is m the decerebrate and it must often be twice as ex 
tensive This relative difficulty of ehcitation was previously noted for 
the knee-jerk The latent period of the “spmar’ jerk may be as bnef 
as 60* when the tendon-tap is sharp, or as long as Her In genera], the 
latent period is 7~8a and the duration of the response 85-95c7 as measured 
from action-current to “angle ” When the latent penod is as long as 
llo-, the response may have a duration of 120cr, suggesting activity of 
red fibres 

There is then considerable vanation m the latent penod and duration 
of the jerks, which may obtam even in the same preparation This 
venation persists even when the tendon is tapped by the mechanical 
tapper, and every care taken to ensure constancy m the strength, 
direction and duration of the tap This vanation has been noted by 
previous workers ( 17 ) In our experiments it is clearly not due to changes 
m tome tension (“tone”) of the muscle, as it is m the human subject (12) 
The mechamcal tapper has enabled us, however, to dehver rapid second 
and third taps separated by only 3cr A second tap following so closely 
does not appear to add anythmg to the character of the response and 
therefore must fall withm the refractory penod of the jerk (cf 2a, h) 

Inhibition of the “spinaZ” jerk The “spmal” jerk can be inhibited 
by weaker stimuli than are needed for the decerebrate jerk Thus after 
a break-shock with the secondary coil at 19 cm complete inhibition of 
the jerk has been recorded In general, with stronger stimuh there is 
profound depression and a gradual recovery of the response such as 
Ballif, Fulton and Liddell recorded for the knee jerk (fi) their 
Fig 8) which is complete after one second or more But m M snpra- 
spmatus the vanation already mentioned m a senes of uninhibited 
jerks persists m the recovery phase after inhibition, thereby rendering 
difficult the plottmg of pomts with any great degree of satisfaction 
Even with the strongest stimuh, however, there is usually some recovery 
of the jerk within 300a, proceeding gradually to completion witbm 
1600a 

In none of our records with the spmal preparation did we find 
any post-inhibitory exaltation (“latent successive mduction”) It was 
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interesting to observe also tbat m tlie spinal condition the ipsilateral 
contraction is lacking This confirms the findings of Bremer on that 
pomt(2) 

Summary 

(1) ilotor twitches of snpraspmatus recorded by the shadow 
myograph show activity of both slow and rapid muscle fibres The 
tracmg therefore shows a distmct “Nase” (Funke) The rapid white) 
fibres may give a twitch lasting only 35 ct The slow ( ^ red) fibre twitch 
may last as long as llOor 

(2) In the decerebrate condition, the tendon organs may be ex- 
qmsitely sensitive to a tap (stretch) of less than 10 /x 

(3) In the decerebrate condition, the tap can be inhibited by a 
smgle break-shock applied to the ipsilateral bmb within l~-2cr A penod 
of exaltation often ensues for as long as 1 second after the shock 

(4) In the spmal condition, the inhibition is produced by weaker 
stimuh and is less qmckly recovered from 

(5) Both “quick” and “slow” muscle fibres may take part m the 
tendon-jerk, both m the decerebrate and m the spmal condition, with 
apparent preponderance of “qmck” fibres 

(6) The “ipsilateral smgle break-shock reflex” has a latent penod 
of 60 ct Both types of muscle fibre participate m it It is apparently 
a single volley reflex The reflex has not been found m the spmal pre- 
paration 

(7) In the spmal condition, it has been found that a second tap de- 
livered 3(7 after the first does not alter or prolong the character of the 
tendon-jerk It is presumed that the second tap falls m a refractory 
phase 
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NEGATIVE PRESSURE PULMONARY VENTILATION 
IN THE HEART LUNG PREPARATION 

I pt BURGH DALY 

(From the rhi^iohqij lii'-tiliih', Conhff ) 

MCniGWivDO) A\o\\u tlxnt t\vo iiunute \olume of the lioirt 
TOPreni-i'd wBtn tBp t\\oTO>. Bond, i\opB, tmd foro of tUo dog are 

placed in a clmuiboT in wBicB tl\o pres^uro i^i grndwnU}, reduced In In^ 
o^perunent'^, tlie effect wo pnlinonnTi nTtorinl pro'^urc \\n<i raised niid 
there was an initial two followed Iw a (all in a\ atomic artorinl tension as 
the chaniher pressure was gradually xeilnced to — Idiniii Hg Hdll- 
gaard s teeliniqne, although hoing of great vilne in doteTiiiiniiig the 
effect of lowering the intrathoraoio pressure upon the vascular si stem 
in the lilt let aiiunal renders an anal} sis of the niechnnisni ivhich hnngs 
about the inseiilnr change^ a dilhcult problem A few eApomiient-a of 
a soniewhnt sunilar nature hni o been performed by the author, in which 
tlio heart and lungs were subjected to a progressii ely rediioed pressure 
and the blood-flow taken through one lung lobe Dogs wore iistnl under 
complete ainosthesia and the thom\ clo-ed after all operative procedure 
had been completeil Ventilation of the lungs w as carried out bv rhythmie- 
nlli lanmg the intnithoracio prcsMire, the mean pressure being kept 
negatii e It w as desired to ini estigate the effect upon theheart out put of 
lowering the iiitrathomcio pressure in the absence of nerious iniluonccs 
This was not possible o\en when the hoirt was completely deneriated 
and the phrenic iienes cut because \arintions m the pnlmonari leiiti- 
lition alter the composition of the blowl and produce effecta upon the 
nudiilla For this reason, further experiments were carried out wnth 
Starling srci heart lung preparation, the heart, and lungs being Mib- 
jecteii to a rwluced pressure which was of an oscillatory nature lu order 
to produce expansion and collapse of the lungs The ox\ gen and carbon 
dioxide content of the blood m the heirt-lung preparation remains 
tolernbh const iiit o\er short periods, pronded the pulmouan xentila- 
tion IS adequate In addition, nenous uitlueiices are absent and tho 
initial output of the heart mai be xaried at will 

Mttlmi In all experimeuta dogs are used, fiilh ancsthctised with 
rn Lxui 
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negative pressure pulmonary ventilation 

IN THE HEART LUNG PREPARATION 
By L de burgh DALY 

{From the Physiology Institute, Cardiff) 

iloLLGAARDa) has slio^m that the mmute volxime of the heart is 
increased when the thorax, head, neck, and fore bmhs of the dog axe 
placed in a chamber m which the pressnie is gradually reduced In his 
experiments, the effective pulmonary arterial pressure was raised, and 
there was an initial nse followed by a fall m systemic arterial tension as 
the chamber pressme was gradually reduced to — 12 mm Hg Holh 
guard’s tedmique, although being of great value in determining the 
effect of lowermg the mtrathoracic pressure upon the vascular system 
in the intact animal, renders an analysis of the mechanism which brings 
about the vascular changes a difficult problem A few experiments of 
a somewhat similar nature have been performed by the author, in which 
the heart and lungs were subjected to a progressively reduced pressure 
and the blood-flow taken through one lung lobe Dogs were used under 
complete anaesthesia and the thorax closed after all operative procedure 
had been completed V entilation of the lungs was earned out by rhythmic- 
ally varying the mtrathoracic pressure, the mean pressure being kept 
negative It was desired to mvestigate the effect upon the heart output of 
lowermg the mtrathoracic pressure in the absence of nervous influences 
This was not possible even when the heart was completely denervated 
and the phremc nerves cut, because variations in the pulmonary venti- 
lation alter the composition of the blood and produce effects upon the 
medulla For this reason, further experiments were earned out with 
Starling’ s(2) heart^ung preparation, the heart and lungs being sub- 
jected to a reduced pressure which was of an oscillatory nature in order 
to produce expansion and collapse of the lungs The oxygen and carbon 
dioxide content of the blood m the heart-lung preparation remains 
tolerably constant over short periods, provided the pukuonary ventfla- 
tiou IS adequate In addition, nervous influences are absent and the 
initial output of the heart may he vaned at will 

Method In all experiments dogs are used, fully anjesthetised with 

PH Lxni 
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chloralose, 0 1 grm per kilo body-weiglit being injected intravenously 
The pencardium is kept intact throughout the experiments, except for 
small openmgs which are necessary for the insertion of the pulmonary 
and auricular cannulse The closed circmt heart-lung preparation is made 
in the manner previously described (3, 4), with the addition that the 
tubing connecting the heart and lungs with the external apparatus passes 
through a large rubber bung The preparation having been set gomg, 
the heart and lungs are removed from the body and placed m a large 
glass vessel, the rubber bung serving as a stopper The lungs are then 
ventilated by producmg rhythmic vanations m the pressure m the glass 
chamber, the mean pressure value being negative, i e below atmdSphenc 
pressure 

In practice, the closed circuit heart-lung preparation is made mth the rubber buag 
lying on the neck of the anim al. The bung is pierced by a number of glass tubes, to which 
the rubber tubings to and from the heart and lungs and the external circuit are connected 
The arrangement is illustrated in Fig 1, the course of the blood bemg through the chanaela 



Fig 1 The heart and lungs are placed m the respiratory chamber B The lungs are not 
shown in the figure For explanation, see text 


marked h D, F, F, B and A The tube g is clipped, and the reservoir G not m circuit 
The carcase is removed from the heart and lungs, a much easier proposition than removing 
the heart and lungs from the carca*^, mncc the former are attached by short lengths of 
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tubing to tbe estenM appatatas rprhich la a fixture In order to facilitate this procedure, 
the top of the operation table is made so that it can be removed bj sliding it from under- 
neath tbe heart and lungs which have been previonslv freed from their connechons with 
the bodv The trachea is tied to the lower end of a wide bore tube (c) passing through the 
bung and then artificial respiration continued through this tube The preparation is 
suspended m a vertical position hv gnppmg the bang m a condenser clamp The remauung 
portion of the trachea is of ench a length that it cames the whole weight of the heart 
and lungs 

For the purpose of recording the blood flow and pressures, cannula are inserted into 
the central and penpheral ends of the cut pulmonaiv axterv These are joined by short 
lengths of rubber tubing to the lower ends of the glass tubes marked d and e, their upper 
ends bemg connected to a Pavlov and Stolnicov stromnlar {C, Fig 1) For recording 
the pressures in the pulmonarv arterv, nght auncle and left annde, cannuhe are 
inserted into a branch of the pulmonary arterv, and mto the nght and the left appendices 
Connections from these pass through the bung to water manometers. The upper ends of 
the water manometers are jomed to piston recorders The flow recorders having been 
filled with liquid paraffin, the heart and lungs are placed m the glass chamber and the 
rubber bung pressed tightlv into the neck to make an air tight joint. All the connections 
withm the chamber B are of stout walled rubber so that a reduction m the chamber 
pressure has no appreciable efiect on their volume The glass vessel dimensions are as 
follows maximum diameter IS cm, diameter at neck 10 cm, mavimmn height 30 cm. 
Artificial respiration havmg been discontmued, the mtenor of the glass vessel B is 
placed m commumcahon with the negative pressure apparatus marked P, 2/, 21, Q, B 
(fig 1) This consists of two brass cvhndera 7 5 cm, in diameter and 28 cm, m length, 
one of which ( J/) is fixed and the other {L) movable m a verbcal direction. The lower ends 
of the two evlmders are connected together by a large rubber tube {X) 5 5 cm, m diameter 
and 70 cm, m length, a portion of a Biinlop inner tube Water is poured mto the open 
end of L until it reaches half wav up the evlmders L and Jf, A" bemg completely filled. 
An adjustable crank P imparte a vertical motion to X so that the water level m JT uses 
and falls as the crank rotates. The top of the cvhnder Jf is connected through a water 
trap Q to the glass chamber B bv means of lead tubing with gas Tnn«;k tubing junctions 
By adjustment of the crank stroke the rhvthmic pressure variations in the vessel B can 
be altered at will, the mean pressure being controlled by varying the amount of air in 
the closed space B Q M A mercurv manometer records the pressure changes m B, 
and an outlet tube (S) fitted at the lower end aUows of the withdrawal of any blood which 
leaks from the preparation. The rate of respiration is regulated with the aid of an adjustable 
rp^tance m senes with the motor dnviug the crank. 

In some experiments it was desired to record the changes m blood volume of the 
heart and longs. For this purpose the venous reservoir K and the elastic cushion in the 
svateimc circmt are surrounded by plethvEmographs connected together and placed m 
communication with a large piston or water volume recorder In this way the change 
m the volume of the external circuit can be observed, smee the portions made the 
pIcthvBmographs are the onlv distenahle parts of the external svstem Volume changes 
m the artificial resistance and m the rubber connections are found to be so small under 
workmg conditions, os to be negligible With this arrangement a given change in the 
volume of the external circuit denotes an equal and oppoate change m the blood volume 
of the heart and lungs 

Before commeBcing observations, the mtenor of the respiratory 
chamber is brought to atmosphenc pressure The artificial resistance 

6—2 
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and the volume of blood m the circulation are adjusted to give a peripheral 
blood-flow of from 300—100 c c per minute at an arterial pressure of 
approximately 90 mm Hg The chamber is then closed and air withdrawn 
through a side tube so that the pressure variations due to the pump are 
below atmospheric pressure A further reduction m the mean respiratory 
pressure is brought about by withdrawing more air from the chamber, 
the crank of the pump bemg unaltered, the difference between the m 
spiratory and expiratory pressures remams the same The four glass 
water-manometers are set up side by side, each fitted with a millimetre 
scale, so that the maximum and TmmmnTn pressures m the respiratory 
chamber, the pulmonary artery and the two auricles can be observed in 
about 45 seconds The observed values were, m the majority of expen 
ments, also recorded with pistons attached to the upper ends of the 
manometers 

Ex'perimental results When the lungs are ventilated by rhythmic 


vanations m the respiratory chamber 
pressure, vanations m the venous and 
artenal tensions take place at each 
respiratory cycle (ffig 2) An exami- 
nation of the ordmates m this and other 
tracmgs of a similar nature, shows that 
the fall m the respiratory pressure, 
producmg inflation of the lungs, is 
not as a rule comcident with the drop 
m the artenal and venous tensions 
The factors which determme the tune 
relations of the several pressures will 
be discussed at a later date, and only 
those effects due to a reduction m the 
mean respiratory pressure will he con- 
sidered m this paper 

Naked eye observation of the lungs 
dunng their expansion and collapse do 
not give defimte evidence of a change 
m their colour dunng the respuatory 
cycle, when the respiratory frequency 



Fig 2 Dog 6 5 kilos Pericardium 
closed. B F =^^temic artenal pres 
sure R.A = pressure m nght auncle 

R P = pressure m respiratory chamber 

The mean r,p is lowered ^m -6 to 


- 12 mm Hg / =inspiratiorL £?=cx 


IS 15 per mmute or more If, however, piratiom 

the pump is stopped with the lungs m the mspiratory position, the 


surface of the limgs take on a pmker tmge m the majonty of expen- 


ments 
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Owing to tlie preparation being suspended in a vertical position, tbe 
upper lobes of tbe lungs tend to fall over to one side so that tbe blood 
supply and tbe an entry to these lobes is somewbat dimuusbed, as evi- 
denced by tbeir paler colour and relatively smaller volume Sometimes 
tbis undesuable effect can be overcome by careful mampulation, but 
placing tbe whole preparation m a horizontal position would be, perhaps, 
a better plaTi 

Effect of lowering the mean 'pressure in the respiratory chamber It bas 
been fonad that cextam precautions have to be taken to ensure that the 
changes which occur on reducing the xespuatory pressure are really due 
to the pressure reduction and not to concurrent events The temperature 
of the heart and lungs is apt to fall considerably below that of the blood 
m the external circuit apparatus, because these organs are more exposed 
than when lying m the chest If care is not taken to equalise the tem- 
perature throughout the system, alterations in the blood-flow produce 
variations m the heart rate which comphcate the results 

A certam amount of blood leaks away and this gradually reduces 
the cardiac output(3), so that one is working on a fallmg base hne The 
same phenomenon is also produced by the gradual pooling of blood m 
the lungs which has also been found by d e Ja g er(o) working on perfused 
lungs The blood leakage generally occurs at the rate of 3-4 c c per 
minute, although higher values than this are encountered In two expen- 
ments no external leakage occurred To obviate any gross errors in the 
interpretation of the results, the respiratory pressure is reduced m steps 
and then brought back to its initial value, observations being made at 
each step The results are plotted on squared paper and the level of the 
base-hne determined 

The usual effect of lowering the respiratory pressure is illustrated m 
Fig 3 vStartmg with the pressure at zero it is reduced in three stages 
to -150 mm HoO, then brought to -120 mnn BuO and finally to zero 
It will be seen that the lower the respiratory pressure the greater the 
peripheral output of the heart The pressures m the pulmonary artery and 
the left auricle, as measured by the water manometers, fall, but the effec- 
ts e pressures (the difference between the manometnc and the respiratory 
chamber pressures) nse It is the effective venous pressures which deter- 
mine the output of the heart, and m this connection Patterson and 
Starling(G) have shown m the heart-lung preparation that the same 
peripheral output can be maintained with a lower venous pressure 
(manometnc) if the pencardial pressure is reduced Le wis{ 7 ), using the 
whole animal, obtained an mcrease m diastohc fillin g of the heart by the 
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Bame means All the efiects shown m Fig 3 might he ascribed to an 
increased diastohc filling alone It is clear, however, from a senes of 



Mean respiratory pressure mm HjO 

Ilg 3 Dog 6 0 kilos. Pencardium closed Heart rate 114 per nun throughout. LA 
=left auncular pressure (man ) = manometnc pressure («^) = effective pressure 
The maximum, minimum and mean auncular pressures are shown, also the inspiratory 
and expiratory b p Effect of lowenng, then raismg the mean respiratory pressure 
Respiration rate =: 14 per mm 


experiments which is not qmte complete that the lungs play an important 
part m the response of the preparation to a reduced respiratory pressure 
In the expenments of Patterson and Starling and of Lewis, the 
pericardium was opened, the question arises, therefore, as to whether 
a marked increase in diastolic filling of the heart can be obtained with 
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intact pencardinm by a xeduction m tbe lespiiatory pressure, steps being 
taken to ebminate changes m tbe pulmonary circulation To test tbis 
point tbe foUomng experiment is performed An isolated heart pre- 
paration IS made, tbe lungs bemg replaced by a Hooker and 
DxinkeT(8,9) blood oxygenation apparatus This entails tbe tymg off 
of tbe lungs after tbe heart-lung preparation is made and then tbe in- 
sertion of cannulse mto tbe central end of the pulmonary artery and 
mto tbe left auricle Tbe apertures of tbe pericardium necessitated by 
this operation are closed by draivmg tbe edges tightly round tbe cannulse 
The blood from tbe ngbt ventricle passes through tbe rubber bung to 
the oxygenation apparatus and back agam to tbe left ventricle Tbe 
isolated heart is then placed m tbe respiratory pressure chamber Tbe 
results of one experiment are sboivn m Table I, m ivbicb tbe mcrease m 

Table L Effect of a negative pressoie on the isolated heart with pencardiuin intact 


Pressure on tie 
heart 

Output from 
right ventricle 

M.BP 

mm. HjO 

C.C per mmute 

mm Hg 

0 

320 

06 

-- 25 

325 

97 

- 60 

340 

99 

-110 

350 

100 

-no 

365 

102 


A further reduction in the pressure on the heart reduced the output 

cardiac output brought about by lo-wenng tbe chamber pressure, is 
small but defimte Tbe cause of tbe small change m output is probably 
due to (1) tbe pencardium bemg somewhat dumnisbed m size owing to 
the mcised edges bemg drawn together, and (2) tbe bypodynamic con- 
dition of tbe heart Under tbe second beadmg, an mteresting problem 
arises In this and other experiments tbe isolated heart rapidly became 
bypodynamic m spite of good oxygenation of tbe blood On mentioning 
this fact to Prof E B VerneyfiO), be informed me that be bad earned 
out similar types of experiments and bad amved at tbe same conclusion. 
It would appear that tbe functional capacity of tbe heart is unpaued 
when the lungs are removed from the heart-lung preparation which is 
ninmng on defibnnated blood The mam pomt m question — whether tbe 
heart with pencardium mtact mcreases its output when subjected to a 
negatu e pressure, may be answered m tbe afBrmative 

Coronary Uood-flow Rnnmng band m band with tbe augmented 
sv stemic output, there is an mcrease m tbe puLmonarv flow (Eig 4) In 
this figure tbe pulmonary nrtenal tension base-bne has dropped con- 
sidenblv, and the shaded area is drawn to accentuate the changes m 
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the manometnc pressure The pulmonary and systemic outputs are 
measured simultaneously As the blood level m the floiv recorders passes 



Fig 4 Dog S 0 kiJos Pencurdiam closed- Effect of lou’cnng then raning the mean 
respiratory pressure Respiration rate = 15 per min 

the graduated marks, two contacts are made m two separate electncal 
circuits, and these actuate two signal markers writing on the smoked 
paper of the recording drum The coronarj blood-flow is calculated as 
the difference between the pulmonary and systemic outputs The differ 
ence between the inspiratory and expiratory pressures has been varied 
from 30 to 200 mm HoO, 100 mm H 2 O generally bemg used Withm 
these limits a reduction m the mean respiratory pressure mcreases the 
output The mtrathoracic pressures m the aneesthetised dog are given 
by van der Brugh(ii) m two experiments as —106 and —81, difference 
= 25, and as —128 and —68, difference =60, all figures representmg 
mm HoO pressure Wiggers(i2) gives — 70 and — 34, difference = 36, 
as erage values from a number of experiments The difference between 
the mspiratory and expiratory pressures m our own experiments have 
m general been larger than those found in the anmsthetised animal, 
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partly because tbe lungs req^mre a greater negative pressure m tbe Heart- 
lung preparation than in tbe intact animal if tbe same amount of venti- 
lation IS to be obtamed, and partly m order to gam some idea of vanations 
m output wbicb ivould be likely to occur as a result of changes m tbe 
intratboracic pressure during exercise That tbe values used cannot be 
considered beyond physiological bmits is mdicated by tbe observations of 
van der Brugb, vrho, m confirmation of Ewald, found that witb tbe 
tracheal air entry impeded, tbe inspiratory and expiratory mtratboracic 
pressures were — 1100 mm H 2 O and 1070 mm H!20 respectively, 
readings obtamed durmg marked respiratory distress 

Tbe augmentation of heart output is found to take place m some 
experiments on reducmg tbe respiratory pressure to — 400 mm BL^O , 
lower pressures than this have not been tried In other experiments, 
the heart fails before this pressure is reached because it is unable to 
deal with tbe mcreased infl.ow, if, however, tbe pericardium is opened 
and tbe heart allowed to dilate, then tbe output goes on increasmg with 
tbe respiratory pressure lower than that obtaining at tbe time of failure 
Acceptmg those experiments m which tbe functional capacity of tbe 
heart is greatest, it may be stated that no evidence has been fortb- 
commg that a negative pressure of 400 mm HgO is, m itself, mjurious 
to the heart when the pencardium is mtact In this connection. 
Talma (13) considered that a markedly low mtratboracic pressure im- 
peded systole and favoured diastole, however this may be, it is obvious 
that if the output is mcreased, systole will not be so complete and the 
diastohc 1 olume wiU be greater, and these changes m themselves are 
not of necessity an mdication of a diminished functional capacity of the 
denervated heart 

Effect of heort rate and worL of heart lu relatioTi to ne^atire pressure 
lentilation With an initial output of 300-400 c c per romute and an 
arterial pressure of approximately 90 mm Hg, reductions m the respira- 
tory pressure lower the \ enous pressures as recorded by the manometers 
If the work of the heart is greatly increased, tbe respiratory pressure 
being zero, then lowering the latter causes no change m the venous 
pressures or may even produce a nse In these cases the extra work im- 
posed upon the heart by the augmented inflow raises the venous pressure 
(manometne) to the same extent as, or more than, the respiratory 
pressure reduces it A heart m poor condition generally shows a nse 
m \ enous pressure at comparatively low respiratory pressures, because 
the raised inflow produces a relatii ely large nse m venous pressure and 
because the more the heart is dilated the less eflective does the respiratory 
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pressure become, smce tbe pencardimn is mtact Extracts from the 
protocols of an experiment m whicb the venous pressure first falls and 
then rises are given m Table EE In this experiment the penpheral output 

Tabu: IL Dog Closed circmt heart-lung preparation. Negative pressure ventilatioiL 
Heart rate = 126 per mm Respiration = 14 per tuiu Mean pressures m rnTn HjO 


L.A. (man.) 

L.A (eff) 

P A (man ) 

PA. (eff) 

RP 

M.PB 
mm Hg 

+ 10 

10 

105 

105 

0 

73 

- 4 

69 

36 

101 

“ 65 

85 

0 

95 

14 

109 

- 95 

94 

+ 90 

240 

80 

230 

-150 

122 

+ 120 

365 

113 

358 

-246 

132 


measurements are absent, but the nse m arterial tension with constant 
peripheral resistance and heart rate, show that the cardiac output is 
mcreased 

If a gradual reduction m the mean respiratory pressure is causing 
a fall m the mean venous pressure, and then the peripheral resistance is 
raised, the venous pressure shows a diminished rate of faU or even a 
nse The same effect accompames cardiac acceleration (Eig 5) Yas 
Kuno(i4), workmg with the heart-lung preparation with mtact pen- 
cardium, demonstrated that the maximal output of the heart is much 
greater at the higher beat frequencies, and this has been repeatedly con- 
firmed It follows from YasKuno’s work, that cardiac acceleration in- 
creases the amount of work performed by the heart when the pencardium 
IS mtact In Fig 5, durmg the first penod (A) the respiratory pressure 
IS bemg reduced with the heart frequency kept constant, the venous 
pressures are fallmg During the second penod (B) the respiratory pres 
sure IS still further reduced, but the heart rate is accelerated (by raising 
the blood temperature) and the venous pressures are nsmg owing to the 
extra work thrown upon the heart over and above that caused by the 
reduction m the mean respiratory pressure In the third period (G) the 
reverse changes to those takmg place durmg the second penod are 
shown 

Discussion and Conclusions 

The assumption that the heart and lungs, suspended m a vertical 
position, react m the same manner to a reduced mean respiratory pressure 
as do the heart and lungs m the whole animal, is not altogether \ahd 
Even if a thoracic respiration is defined as one due to movements of the 
thorax with the diaphragm fixed, there are certam objections to this 
assumption In the whole ammal the visceral and parietal pleura? are 
in apposition which is not the case m the expenments described In this 
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cotmection, K eitt (is. 16) taa indicated tlie lines of force whicli e^and tlie 
lungs, tliese lines do not lie radially from tlie lung roots as they do m 



Mean respiratoiy pressure miru HjO 

Fig 5 Dog 8 6 kilos Pencardinm closed. Respiration rate = 14 per mm Effect of 
reduced mean respiratory pressure accompanied by cardiac acceleration The maximum 
and minimum pressures m the two auricles and m the pulmonarv artery are shoWn 

the preparation suspended in the respiratory chamber For this reason, 
and owing to the internal structure of the lungs, the mechanism of alve- 
olar expansion and also of changes m the cabbre of the blood capillaries, 
maj m our experiments differ sbghtly from the normal Apart from 
these considerations, negative pressure ventilation m the manner 
described, should in the mam have the same effects on the circulatory 
s} stem and on the lung air entry as a reduction of mtrathoracic pressure 
in the whole animal 
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The experimental results show that a reduction in the mean respira 
tory pressure produces effects upon the hearh-lung preparation wlucli 
may be ascribed, wholly or m part, to an mcreased diastohc filling of 
the heart This mcreased diastohc fillin g with outputs of from 300' 
600 c c per m inute does not raise the manometnc venous pressure (mean) 
more than the lowered respiratory pressure reduces it, unless there is a 
further concomitant mcrease m cardiac work, such as might occur when 
the heart is accelerated and the systemic resistance elevated It is not 
easy to estimate how far these results may apply to the dog imder con 
ditions of exercise, smce m aU probabihty the heart, owmg to nervous 
influences, rarely reaches the pericardial limi t Notwithstanding this, 
the results do mdicate the separate factors which are mvolved m deter 
mining the mean venous pressure when the lungs are ventilated by a 
negative pressure and when that pressure is made stiU more negative 
The part played by the contraction of the skeletal muscles, or by the 
descent of the diaphragm, m aidmg the circulation can be mutated m 
the preparation by imposmg a steady or rhythmic positive pressure on the 
venous bag E (Fig 1) Both these procedures have the effect of steadily 
raismg, or rhythmically raismg and lowering, the venous pressure, and 
so augmenting the cardiac output, the blood xs merely redistnbuted so 
that the volume of the external circuit is diminished Data of these 
experiments are not given, smce the quantitative effects obtained by 
dimini shing the capacity of the external circuit have been previously 
described ( 3 ) 

SuaniARY 

(1) A closed circmt heart-lung preparation with negative pressure 
pulmonary ventilation is descnbed 

(2) In confirmation ofMollgaard’s experiments on the whole annual, 
it IS foimd that a reduction m the mean respiratory (intra thoracic) 
pressure mcreases the total output of the heart 

(3) Eespiratory pressures of ~ 400 mm H^O are not mjunous to the 
heart provided it is m good condition 

(4) The change m the mean venous pressure produced by lowenng 
the mean respiratory pressure depends upon the extra amoimt of work 
which the heart is called upon to perform as the result of the lowered 
respiratory pressure 

The expenses of this research were in part defra\cd bv the Government Grants 
Committee of the Royal Societ> 
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A METHOD OF PROPELLING AIR ROUND SMALL 
ENCLOSED CIRCUITS By F M HAINES, Ph D 

{From the Botamcal Department, East London College ) 

The apparatus described "vras ongmally mvented as a substitute for the 
india-rubber bulb device employed for passing air containing respired 
CO 2 througb. tbe mdicator solution m Osterhout’s Indicator Method of 
measuring respiration, but appeared to be capable of wider apphcation 
The prmcipal advantages of the mechanism suggested are (1) that 
the air stream dehvered is much more constant than that given by a 
bulb or by other mercury devices, the dehvery bemg mamtamed for 
4/5 of the cycle instead of only 1/2, (2) the vanations m pressure m the 
circuit are small, (3) mdia-rubber m the circmt can be dispensed with 
altogether except for two mches of 1/8 mch tubmg for connections, this 
bemg an important pomt m the Osterhout apparatus mentioned since 
with very slowly respmng matenal the leak of the rubber bulb to CO 2 
even when weU varnished with celluloid varnish is apt to become a 
troublesome source of error, (4) the whole of the air is forced to pass 
round the circuit, (5) there are no dead spaces m the circuit and (6) the 
circuit IS completely enclosed without possibihty of leak to or from the au 
The glass piece, ADDEBC, (Eig 1) is mounted on a spmdle, 
placed through a piece of cork, M, wedged and cemented between the 
tubes G and D at about a quarter of the length from the end (The 
method of fixing the mounting-cork and spmdle is shown m Fig 2, the 
small piece of cork, m, bemg inserted last ) The spmdle, S, also carnes 
one end of a metal arm, L, the other end of which is attached to a second 
cork mount, N, on the glass piece by a pm, P The whole system is 
free to move about the spmdle, S, between the planes marked by 
dotted Imes, dd and rr, and when m action is repeatedly raised slowly 
mto the ‘‘raised” position, rr, and then suddenly dropped mto the 
“drop” position, dd, the spmdle, S, bemg mounted m beanngs (not 
shown), and the shock of the drop bemg absorbed by a sprmg attached 
to the end of L (also not shown) which falls upon a stop The oscillations 
are produced mechamcally by a rod, F, running m gmdes, G, and actuated 
by a snail cam, H (revolvmg coimter clockwise m the figure), mounted 
on the same spmdle, 0, as a pimon, J, engagmg with a worm-wheel, 
on the spmdle, of a 1/16 h p electric motor (In practice the arrange- 
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Sufficient mercury is mtroduced into the apparatus to come just up 
to the level at which C enters A when the glass piece is in the fully 
raised position, rr, as shown On the ‘'drop’’ when F falls on the cam 
the mercury falls to the right hand end of D, about one-third of it bemg 
thrown over the bend at E into B and the rest remaining m D On the 
gradual nse to the rr position two columns of mercury fall simultaneously 
m C and D from nght to left forcmg air before them mto A and out 
the outlet, aa (The vessel A is so shaped as to prevent mercury bemg 
splashed over mto the outlet tube, aa, durmg this process ) Meanwhile more 
air IS drawn mto B, E and D through the inlet, bbb On the subsequent 
drop all the mercury returns to the nght hand end by the lower tube, 
D, forcmg this air into A through the tube 0 (It will naturally not 
travel back round the external circuit as the solution through which it 
Is bemg bubbled forms a trap ) The hmbs, A and B, are made about 
7 cm high and shghtly bulbed at the top in order to prevent mercury 
being splashed mto the inlet and outlet tubes The inlet, 666, and the 
outlet, aa, are led ofiE, as shown, m such a way as to end one on each aide 
of the apparatus close to the two ends of the spmdle, S For ngidity s 
sake they are supported near the ends by the cork pieces, T, T, cemented 
to the tube C By this means their (varmshed) rubber connections may 
either cross or be along the axis of oscillation of the whole system and 
the amount of rubber necessary is cut down to an absolute minimum 

The pressure developed is sufficient to bubble air through a fine 
nozzle imder 6 inches of water, reagent, mdicator, etc , the maximum 
pressure reached with an apparatus of the dimensions given bemg about 
10 mches of water The snail cam should revolve once m 5 seconds, the 
air then bemg expelled for 4/5 of the total tune, provided that the amount 
of mercury and the amphtude of the oscillations are both correctly 
adjusted For the purpose of the latter adjustment provision is made in 
the mounting for the rod, F, to be set at wiU to operate upon any part 
of the arm, L, at any desired distance from the axis, S 

Art apparatus about 30 cm long such as that shown m the figure 
when used to force a stream of small bubbles through a tube of reagent 
6 mches deep dehvers 70 c c per minute, but smaller sizes down to a 
length of 10 or 12 cm work qmte satisfactorily when only a smaller 
dehvery is required 

In conclusion, I am much mdebted to the College Instrument Maker 
for constmctmg the mechamcal parts 
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STUDIES ON THE MOVEMENTS OF THE ALIMENTARY 
CANAL I The effects of electrolytes on the rhythmical 
contractions of the isolated mammalian intestme 
By H. E MAGEE Aim C EEID 


[From the Rowett Research Institute and the Physiological Department, 
JJnxv^Tsxiy of Aberdeen ) 


Wrrrrrsr the last decade the physiology of skeletal mxiscle has progressed 
mth extraotdmary irapidity In companson, the physiology of mvoltm- 
taiy mtiscle is in a very backward state Oni lack of knowledge of the 
fundamental piopeities of smooth muscle is “particularly regrettable, 
because m the treatment of disease a knowledge of the properties of 
cardiac and plam muscle is of far greater importance than a knowledge 
of the properties of skeletal mtiscle” (i) 

The effects of ions on livmg tissues have been worked out chiefly on 
small animals or on cardiac muscle, while intestinal muscle has received 
scant attention. This seemed to us, therefore, a suitable field for mvesti- 
gation, the need for which Evans (2) emphasises m his review of the 
hterature 

This paper deals with the effects of varying the lomc concentration 
of the environment on the isolated small mtestine of the rabbit Work 
along other related Imes will be reported later 


BucfenmentaU 

Full-grown rabbits fed on a diet of pasture, cabbage, turmps, carrots, 
etc , were used The animals were killed by a blow on the head, a piece 
of jejunum just distal to the duodenum was rapidly freed from mesen- 
teno attachments, cut out and immersed at once in oxygenated ice^old 
Tyrode s solution This modification of Ringer’s solution was used for 
these expenments because N eukirch(3) found it to be the most smtable 
for the rabbit’s mtestme Its composition is as follows 


NaCl 

0 8 pc 

Ka 

0 02 

Caa 

0 02 

Mgd 

0 01 

FaMOi 

0 005 

NaHCOa 

0 05 

Glucose 

0 1 


1 All m anhydrous state 
> The water used was 
fresh glass distilled 


rn hxm 


7 
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The pB. of this solution is 7 6 to 7 8 It was checked m each 
espenraent 

A suitable length was immersed in Tyrode^s solution at 37® m a Bum 
and Dale bath (4), into which a stream of oxygen bubbles was passed 
contmuously, and the movements recorded on a slow drum 

Each ion was studied after the same general plan The appropnate 
salt was omitted, and then additions were made gradually until excess 
was present Sometimes the concentrations of more than one salt were 
varied m this way at the same time, but, unless otherwise stated, only 
one ion was varied, the other constituents bemg kept constant 

The distance between the timing (half minutes) and the foot point 
of the contractions represents the tone except m Fig 1 u, 6 and c, where 
the mtervemng paper was excised to economise space 

Results 

Sodium Lack of NaCl (Fig 1 a, 6, c and d) In Tyrode contammg 
0 2 p c NaCl when the osmotic pressure was not kept normal the beats 
were abolished and the tone fell, but, when the osmotic pressure was 



a 6 c d 

Fig 1 a=r* T s 6 = Change from 0 2 p c, NaCl (Os Pr not made up) to > t s gradual 
recoTory c=: After interval of 10 minutes Change from 0 2 p c NaCl (Os Pr 
made up) to N T s immediate recovery 
Nott* V T s = normal Tyrode e solution. 

kept normal by the addition of cane sugar, beats about a quarter the 
size of the ongmal were evoked Change to Tyrode^s solution gave in 
the former case a slow return of contractions and tone, but m the latter 
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an immediate retom of both Other expenments showed that when the 
osmotic ptessnie was not compensated contractions did not begin until 
the concentration of NaCl was raised to 0 6 p c and then the amphtnde 
was about three-quarters of the ongmal Further, the response to the 
addition of more NaCl was delayed The rate was not appreciably 
affected by low concentrations of NaCl 

Excess of NaCl 0 9 p c NaCl raised the ampbtude and then lowered 
it abgbtly after about 5 minutes Concentrations above this bad a similar 
effect, tbe tone and rate mcreasmg progressively and tbe amplitude 
mcreasing up to 1 1 p c NaCl and then dumnishing gradually Change 
back to normal Tyrode mcreased the tone, which fell gradually, the 
ampbtude bemg somewhat lower than the ongmal at first Complete 
recovery was established after about 2 hours 1 6 p c NaCl practically 
abobshed the contractions 

Ca?ciurn Lack of CaClj (Eig 2 a, b and c) Complete absence caused 
rapid fall of tone, slowing, and gradual disappearance of contractions 
The effect of even small additions was a sudden mcrease of tone, followed 
by a more gradual return of ampbtude and rate The ampbtude and tone 
were very often greater in concentrations of about 0 01 p c than m 
normal Tyrode (0 02 p c CaCl^) 



a 6 c d e 

Fig 2 a = Stowing change from j* t s to Ca free fluid. From ct to beginning of b 
22 minutes mterval 6= At x, 0 004 p c CaCl^. added to fluid m battu c=CaCJU 
inorcased to 0 008 pc d = i» t s g^CaCljhas been increased to 0 08 p o 
A oU a by c, from the same piece of mtestme d, e, from another piece 

Excess of CaClj (Fig 2 d and e) Additions up to 0 04 p c lowered 
the amphtude and mcreased the rate Further additions mcreased tone 
and rate but lowered the ampbtude progressively In large excess the 
contractions were irregular owmg to mcomplete relaxation. These effects 
were reversible 

Potasnum Lack of KCi (Fig 3 a, 6, c and d) Complete absence 
caused an immediate increase m tone, which fell sUghtly later, and a 

7—2 
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very small beat, wbicb persisted Additions of KCl up to 0 02 p c, 
diminis hed tone and amphtnde immediately and only after several 
mmntes were the tone, amphtade and rate restored The longer the 
exposure to low concentrations of KCl, the slower was the recovery of 
the amphtnde These findings confirm Clarkes (6) on the small intestine 
of the rabbit 



a b c d c 

!Fig 3 a = Change at x from kt s to K free fluid, a to 6 = 20 mmutea mterval 6= At 
each X 0 004 p c KCl added. c=KCl increased to 0 016 p c KCl six minutes 
previously c to d=16 minutes’ mterval c=i’rom a separate piece of intestine, 
KCl m bathing fluid moreased from 0 02po.to0 04pc at a: 

Excess of KCl (Fig 3 e) Concentrations of KCl between 0 02 and 
0 06 p c mcreased the amphtnde and slowed the rate, the tone being 
scarcely affected Concentratioiis above 0 06 p c mcreased the tone and 
diminished the amphtnde and rate The effects of K m excess were 
reversible 

The ratio Clark(6) has shown that alterations m the 

ratio, whether due to mcrease or decrease of any of the three ions, pro 
dnce defimte results on the frog’s heart We have aheady referred to 
the effects of varymg the concentration of one ion at a time The results 
of lowenng and raising the ratio by simultaneous vanations m two of 
the factors m some cases merely corroborated the above results and m 
others showed nothing of a defimte nature 

Hydrogen ton (Fig 4) The pH was varied by withholding and then 
addmg NaHCOg to the bathmg fluid As the pH was raised from o 6 
to over 9 (a) the rate mcreased up to pH 8, and then began to fall, 
(6) the amphtnde (very irregular m acid media) became regular and 
mcreased until pH 8 to 8 4 and then dechned, (c) the tone (very low in 
acid media) rose to a maximum at pH 7 2 to 8, and then began to fall 
These results agree with those of Evans and Underlii]l(r) and of 
Hammett(8) on the small mtestme of the rabbit and rat respectively, 
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and ate comparable to those of Knpaloff (9,10) on the frog’s stomacli 
after mtravenons m]ection of alkali and acid respectively 



j)H= 6 pH = 7 pH=7 8 overS 

Fig 4. 


Magnesium (Fig 5) When MgCl2 was added to a Mg-free fluid imme- 
diate effects were produced the beats became more regular, the rate 
slower and the tone lower Wbien added m excess 
the ampktude, rate and tone fell Even large excess 
(0 08 p c ) did not have a very marked efiect on the 
beats The efiects of addmg Mg m excess were re- 
versible 

PO4 Only the influence of excess PO4 was studied 
because the withdrawal of NaH^PO^ would change 
the pH A mixture of solutions of iLf/15 Ha2HP04 
and ili/15 KH^ PQ^ m amounts necessary to give a 
pH of 7 (Cullen (U)) was made and added to the 
bathing flmd This was made up without KCl because 
when 1 c c of the phosphate mixture was added to 
the 125 c c of fluid the cK was ]ust about the same 
as m Tyrode’s solution The shght excess of Na in Hg 5 At x change 
the fluid was not considered of any great importance 
1 c c phosphate mixture raised the tone and lowered p c MgCl^ 
the amphtude and rate immediately 2 c c lowered the tone and amph- 
tude a httle These effects were reversible Further mcreases were com- 
phcated by the action of the unavoidable excess of Na and K 

Iodine (Fig 6) lodme is not a constituent of any physiological salme 
solutions, but Its effect on the mtestme is of mterest owmg to its being 
present m plants, milk and blood m small amounts (Leitoh and 
Hender8on(i2)) Its effect on the mtestme was studied by replacmg 
normal Tyrode’s solution by equal volumes of a similar solution contam- 
mg an equivalent amount of Hal instead of HaCl Replacements up 
to about 15 c c (0 26 p c Nal) unproved the amphtude progressively 
Larger replacements lowered the amphtude hut mcreased the rate by 
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three or four per minute These effects persisted after several changes 
of Tyrode’s solution Finckh(i3) found that complete replacement of 
NaCl by Nal had a toxic effect on the frog’s heart Unfortunately 
his replacement was immediately complete, not gradual, so that exact 
comparison with our experiments is not possible On the other hand, 



a b c 

Fig 6 0=17 T s b and c= After replacing 2 and 8 c c respectively of K t s by equal 

volumes of similar fluid contaimng equivalent amounts of Nal for NaCI 

Thunberg(i4) showed that low concentrations of KI had, m some expen 
ments, a stimulating action on the Og consumption of frog’s skeletal 
muscle Perhaps a like stimulating 
effect may be operative also m the 
case of plam muscle 

Manganese (Fig 1) The biological 
importance of manganese may be m- 
ferred from the fact that it is a con- 
stituent of many animal tissues and 
plants (Reiman and Minot(i6,i0), 

M c H a r g u e (17 )) It has also recently 
sprimg mto considerable favour with 
many cbmcians as a therapeutic 
agent (Nott(i8)) 

Small amounts of a 1 p c solution 
of MnCl 2 were added to the bathing 
fluid Very small additions, 0 1 c c 
(givmg a concentration of 0 0008 p c ), 
mcreased the tone and amphtude 
Larger additions, 0 3 c c , lowered 

tone, amplitude and rate 0 5 c c ^ At x o i c c of l p c AinCi, 

almost obhterated the contractions added to 125 c c > x s 
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Discussion 

It 13 clear from the results that the osmotic and specific effects of 
Na are closely associated Apparently a certain nmumnin osmotic 
pressure is fiecessary as a basis for the operation of the specific effect 
of Isa If the osmotic pressure has been lowered some time is required 
for Its xe'estabhshment after the addition of the normal amount of 
IsaQ Very probably the mechanism is one of simple diffusion, for, if 
it were a case of combmation with cell constituents in the sense put 
forward by L o eb 09) fox skeletal muscle, cane sugar could not have taken 
the place of ISaCl so well The height of contraction is apparently directly 
proportional to the clSfa While ^la in the presence of a proper osmotic 
pressure and. of Ca and K can imtiate contractions, the actual pace 
seems to be a function of the Ca/K ratio Ca progressively mcreased 
the rate while K consistently decreased it Eichholtz and Starling (20) 
have distinguished two inodes of action of ions on the kidney cells — an 
immediate or lomc action and a delayed action or one the result of 
chemical unioiL Our results permit of analogous differentiations Ca 
m all concentrations, and Na and K m super-optimal concentrations, 
would fall into the first category, since the effects of further additions 
were immediate When K was added to sub-optimal concentrations of 
this ion, an immediate effect was obtamed, followed after a long mterval 
by gradual recovery Thus K m low concentrations appears to have a 
twofold action — an lomc action and a combining action — the former, 
apparently, being ptebnunary to the combination of the ion with the 
cell constituents It is significant that Clark(5) found a loss of K by 
the frog s heart as a result of perfusion with K-free Einger The mode of 
action of Na m sub-optimal concentrations is compbcated by the con- 
cormtaut variation in osmotic pressure, but,, when this is kept constant, 
its action seems to be of an lomc nature 

The imm ediate effect of addmg Ca to flmds low m this ion was a 
marked mcrease of tone followed by gradual improvement in amphtude 
and m rate It therefore looks as if the recovery of tone was m some way 
related to the restoration of normal contractility, thus suggesting some 
support for Hober’8(2i) view that the physiological action of Ca is to 
be mterpreted m the hght of its consobdatmg action on colloidal systems 
The work of \\ idmark(22 23) and of Chambers and Reznikoff(2-i) 
support this opmion The former showed that low concentrations of 
CaCL caused different kmds of muscle to shrink. Chambers and 
Reznik off found that the cell membrane of living amoebse is easily 
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permeable to NaCl and KCl but not to CaCIg? and that, while the former 
salts disintegrate the cell membrane, the latter consohdates it 
Clark "8(6) work on the frog’s heart has shown that the physiological 
action of Ca is brought about through muon with bpoid substances, 
m which way the seroi-permeabihty of the cell membrane is mamtamed 
Wieland’s(25) results on surviving pieces of rabbit’s mtestme are m 
harmony with Clark’s It is, therefore, to be inferred that the effect of 
adding Ca salts to fluids low m Ca is to restore the semi-permeabihty 
of the cell membrane a condition which appears to be related m some 
way to the contractile process 

We can distinguish three zones of action of K m regard to concen- 
trations In concentrations of KCl up to 0 02 p c it was completely 
antagonistic to Ca Between 0 02 and 0 06 p c the rate was slowed, but 
the amphtude and sometimes the tone were stimulated To this extent, 
therefore, our results agree with H 6 b e r ’ s (26) contention that mammahan 
mtestinal muscle is relatively insensitive to the depressant action of K 
Concentrations above 0 06 p c moreased the tone but lowered the 
amphtude and rate It is of mterest to note that Kupaloff(27) found 
that, m the frog, mtra venous mjections of KCl produced a nse of tone 
of the stomach and CaCl^ strong spastic contractions 

There is a very extensive hterature dealing with the influence of 
electrolytes on cardiac and skeletal muscle, but it is evident from the 
data presented here that ma mm ahan mtestmal muscle does not react 
to changes m the fluid in which it is bathed m the same way as cardiac 
or skeletal muscle Intestmal muscle must obviously be the subject of 
special study, and further experimental data will need to be accumulated 
before the fundamental differences between the physiology of mam- 
mahan mtestmal muscle and skeletal muscle of cold blooded animals 
can be profitably discussed. 


SUMMAKY 

The response of the isolated survivmg jejunum of the rabbit to changes 
m lomc environment was studied 

(1) The osmotic and specific effects of sodium were closely associated 
A certam osmotic pressure was necessary before the specific effects of 
sodium could operate Withm limits, the amphtude of contraction was 
directly proportional to the concentration of sodium Excess of sodium 
mcreased the tone and diminished the amphtude 

(2) The rate vaned directly as the ratio Ca/K Calcium progressively 
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increased tte tone The amplitude was at a m aximu m m a concentratioii 
of calcium of about balf that m Tyrode’s solution. 

(3) Three concentration zones of action of potassium were distm- 
gmshed with 0-0 02 pc KCl, tone was lowered and contractions 
abolished These recovered after several minutes’ delay "With 0 02— 

0 06 p c KCl, the amplitude was augmented, the rate slowed and the 
tone generally unaffected 

A-bove 0 06 p c KCl, tone was mcreased and amplitude and rate 
dmunislied. 

(4) Calcium almost completely antagonised potassram- The efiects of 
additions of calcmm to fluids of all concentrations of this ion, and of 
additions of sodium and potassium to flmds, of optimal osmotic pressure 
m the one case, and of optunal potassium content on the other, ^ere 
immediate. The efiects of additions of sodium to fluids of snb-optimal 
osmotic pressure, and the ultimata effects of additions of potassnim to 
fluids of snh-optimal potassnim content 17616 delayed. The probable 
significance of these results is discussed 

(5) The optimal cH zone i7as pH 7 to pH S Below pH 7 tone and 
rate were lowered and contractions were very irregular Above pH 8 
tone and rata were distmctly, and amplitude slightly, lowered. 

(6) Magnesium, although not absolutely essential for contractility, 
appeared to have a regularising influence on the contractions 

(7) The phosphate ion m excess stimulated tone and lowered the 
amphtnde and rate 

(8) lodme in low concentrabons (up to 0 26 p c Ifal) increased the 
amplitude and m higher mcreased tone and rate but dummshed the 
amphtnde These effects came on gradually and persisted. 

(9) Low concentrabons of manganese (0 0008 p c MnCL) tem- 
porarily stimulated contracbons higher concentrabons (0 002 p c 
MnCL) depressed them. 

We desire to express our grabtnde to Prof J A. MacWiHiam and 
Dr J B Orr for them never-failing mterest and advice. 
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permeable to NaCl and KCl but not to CaClg , and that, while the former 
salts disintegrate the cell membrane, the latter consohdates it 
Clark ’8(6) work on the frog’s heart has shown that the physiological 
action of Ca is brought about through umon with hpoid substances, 
in which way the semi-permeability of the cell membrane is mamtained 
Wieland’s(25) results on surviving pieces of rabbit’s mtestme are in 
harmony with Clark’s It is, therefore, to be inferred that the effect of 
adding Ca salts to fimds low m Ca is to restore the semi-permeahihtv 
of the cell membrane a condition which appears to be related in some 
way to the contractile process 

We can distinguish three zones of action of K m regard to concen- 
trations In concentrations of KCl up to 0 02 p c it was completely 
antagonistic to Ca Between 0 02 and 0 06 p c the rate was slowed, but 
the amphtude and sometimes the tone were stimulated To this extent, 
therefore, our results agree with H 6 b er ’ s (26) contention that mammahan 
intestmal muscle is relatively insensitive to the depressant action of K 
Concentrations above 0 06 p c mcreased the tone but lowered the 
amphtude and rate It is of mterest to note that Kupaloff(2T) found 
that, m the frog, mtra venous mjections of KCl produced a ns e of tone 
of the stomach and CaCU strong spastic contractions 

There is a very extensive literature dealing with the influence of 
electrolytes on cardiac and skeletal muscle, but it is evident from the 
data presented here that mammahan mtestmal muscle does not react 
to changes m the fluid m which it is bathed m the same way as cardiac 
or skeletal muscle Intestmal muscle must obviously be the subject of 
special study, and further experimental data will need to be accumulated 
before the fundamental differences between the physiology of maru 
mahan mtestmal muscle and skeletal muscle of cold blooded animals 
can be profitably discussed 


SmruART 

The response of the isolated surviving jejunum of the rabbit to changes 
in lomc environment was studied 

(1) The osmotic and specific effects of sodium were closely associated 
A certam osmotic pressure was necessary before the specific effects of 
sodium could operate 'Within limits, the amphtude of contraction was 
directly proportional to the concentration of sodium Excess of sodium 
mcreased the tone and diminished the amphtude 

(2) The rate vaned directlv as the ratio Ca fK Calcium progressively 



THE LACTIC ACID MAXIMUM OF CARDIAC MUSCLE 
By DOROTHY ARNIHG 

{From the Physiological Department^ Manchester University ) 

The foUowing expenmeiits Tvere earned out as a first step m. tfie mvesti- 
gatiou of the chemical changes tafcmg place during the contraction of 
cardiac muscle and consist in comparative estimations of the lactic acid 
maximum of cardiac and skeletal muscle The investigation has since 
heen earned out m further detail by Hines, Katz and Long(i), usmg 
mammalian muscle, and their results are in good agreement with mine 

Estimation of Lactic Acid 

Before starting the experiments, the method by which the lactic acid 
was to be estimated had to be chosen and mvestigated It was obvious 
that the amount of matenal available would necessitate the use of a 
micro-method, and the ones considered were those of Meyerhof (2,3) 
and of Clau8en(4) 

In the first place, the techmque of the permanganate oxidation pro- 
cess of Clausen was compared with that of Meyerhof, using a solution 
of zme lactate Clausen’s method was found to give excellent results 
both as regards the actual percentage recovery of lactic acid and its 
vanatioru InMeyerhof’s method the percentage recovery was smaller 
and showed a much greater variation from one experiment to another 
Moreover, Clausen’s method presented fewer diflB.culties of mampula- 
tion than that of Meyerhof and afforded a considerable savmg m tune 
The percentage recovery was of the same order of magmtude as that 
found by Clausen himself, that is, from 92-95 p c when usmg from 
2 5~4 0 mg of lactic acid It was therefore decided to carry out the 
process of extraction from muscle and purification according to 
Meyerhof’s techmque, with the introduction of certam modifications, 
and to carry out the oxidation, distillation and titration according to 
Clausen 

The mam steps of the process were as follows the muscle was ground 
in a mortar with alcohol and powdered glass, the mixture was trans- 
ferred to a beaker and allowed to stand over night It was filtered first 
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mended by several workers as being tbe most suitable salt of lactic acid 
for control estimations and, as already stated, gave excellent results 
on tbe oxidation process alone It was ultimately realised that these 
inconsistencies must be due to tbe small solubility of zmc lactate, wbiob, 
m certam cases, prevented its being completely re-dissolved when the 
residue from the evaporation of the original alcoholic solution was treated 
with saturated ammomum sulphate solution There os, at this stage of 
the process, a considerable deposit of ammomum sulphate on the dish, 
which would readily obscure particles of zmc lactate 

Control estimations were repeated, nsmg litbium lactate, and quite 
consistent results were obtained (Table I) 

Table L Estimatioii of Laotato Solution. Complete Proces* 

6 0 , 0 . BolTitioa=8 95 mg lactio acadL 


No 

Amoimt 
taken 
mg. HL 

Amount 
estimated 
mg HL 

Percentage 

loss 

1 

8 95 

7 87 

12 0 

2 

8 96 

7 69 

15*2 

3 

8 95 

7 27 

18 8 

4 

8 95 

786 

14 5 


Mean percentage loss =15 1 


The percentage recovery of the complete process was found to be 
85 p c 

The animals used for the comparative estimations on cardiac and 
skeletal muscle were the frog and the tortoise The weight of the heart 
of an ordinary frog is less than 0 1 grm , but it was hoped that by using 
the Rana esculenia (variety nd^unda) obtained from Hungary, which 
is many times larger than the oxdmaxy frog, estimations conld be 
earned out on two or three hearts Unfortunately, the heart was found 
to be small in comparison with the rest of the body, so that to obtam 
results of any accuracy a large number had to be used 

Ab the supply of these frogs was spasmodic, experiments were also 
earned out on the tortoise, which has a heart sufficiently large for 
estimations to be made on one only 

Method 

Frog The ventncle onlj was used It was cut longitudinally with 
scissors and the two pieces pressed between filter paper to free them 
from blood The muscle from several hearts was weighed m a waghmg 
bottle Cotton-wool soaked m chloroform was inserted between the 
stopper and the bottle and tbe whole was placed m an oven at 40° C 
for an honr 
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thioTigli muslin and tlien througli paper and tlie muscle residue extracted 
with, fresh alcohol, twice for amounts of muscle under 1 5 gmi and three 
times for amounts over 1 5 grucu These washings were evaporated on a 
water bath and the ongmal filtrate was added last and the whole taken 
down to 1-2 c c , this procedure reduced to a rmmTrm ui the decom 
position of lactic acid by heat The residue, which had usually evaporated 
to dryness on standing, was extracted four times with 2-3 c c of satu 
rated ammomum sulphate solution and filtered at the pump through a 
small asbestos filter, which was connected by an adapter to s separating 
funnel The adapter was nosed with 2 c c of 4 p o caustic soda and the 
volume made up to 16 c c with distilled water The solution was extracted 
three tames with 2 c c of benzene, to remove traces of alcohol, the upper 
benzene layer bemg removed by a pipette attached to the pump The 
last traces of benzene were removed by evaporation under reduced pres 
sure, by connecting the separating funnel to the pump This was con 
sidered an improvement on the method used by Meyerhof of again 
evaporating on a water bath, duxmg which there is always a risk of 
decomposmg some lactic acid 

The solution was then roughly neutralised by the addition of 2 c c 
of 0 1 N sulphuric acid and then, according to the amount of lactic acid 
present, either transferred direct to the oxidation apparatus or else 
made up to 50 c c , of which two or three ahquot parts of 10 c c were 
used for oxidatioiL The latter procedure was adopted for two reasons, 
m the first place it was thought that there would be a smaller relative 
loss m the mtermediate processes of the estimation if a larger quantity 
of lactic acid were used, wlulst m the oxidation process, perfectly con- 
sistent results had been obtamed with less than 2 mg of lactic acid, 
which IS the amount that can be most rapidly and most efficiently dealt 
with In nearly every case very close agreement (t e to withm 0 1 mg 
lactic acid) was obtamed between the two estimations and when this 
did not occur a third ahquot part was used 

The oxidation was earned out m all details according to the method 
described by Claus em The end-pomt of the titration was always found 
to be perfectly clear-cut and the difficulties of lack of permanence, 
mentioned by Clausen and also expenenced by Long ( 5 ), did not occur 

Controls on the complete process were earned out on zme lactate 
solution and on muscle in ngor mortis with and without added nne 
lactate Whilst estimations on two or more portions of the same muscle 
gave perfectly consistent results, those on zme lactate and on muscle 
with added zme lactate showed wide vanatiom Zme lactate is recom- 
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mended by several Trorkers as being tbe most smtable salt of lactic acid 
for control estimations and, as already stated, gave excellent results 
on tke oxidation process alone It vras ultimately realised that these 
mconsistenciea mnst be due to the small solubihty of zmc lactate, ^vhioh, 
m certam cases, prevented its being completely re^solved vrhen the 
residue from the evaporation of the original alcohohc solution was treated 
with saturated ammonium sulphate solution There is, at this stage of 
the process, a considerable deposit of ammomum sulphate on the dish, 
which would readily obscure particles of zanc lactate 

Control estimations were repeated, usmg hthium lactate, and qmte 
consistent results were ohtamed (Table I) 

Table L Eatimatioii of Lithium Lactate SolutioiL Complete Process. 

6 ac. Bolution=8 95 mg lactio ami 



Amount 

Amount 



taken 

estimated 

Percentage 

No 

mg HL 

mg HL 

loss 

1 

8 95 

7 87 

12*0 

2 

8 95 

7 69 

15*2 

3 

8 95 

7 27 

18 8 

4 

8 95 

765 

14 6 


Mean percentage loss = 15*1 


The percentage recovery of the complete process was found to be 
85 p c 

The animals used for the comparative estimations on cardiac and 
skeletal muscle were the frog and the tortoise The weight of the heart 
of an ordmary frog is less than 0 1 grm , but it was hoped that by using 
the Rana esculenta (variety ndibundu) ohtamed from Hungary, which 
IS many times larger than the ordinary frog, estimations could be 
earned out on two or three hearts Unfortunately, the heart was found 
to be small m compansou with the rest of the body, so that to obtam 
results of any accuracy a large number had to be used 

As the supply of these frogs was spasmodic, experiments were also 
earned out on the tortoise, which has a heart sufficiently large for 
estimations to be made on one only 

Method 

Frog The ventncle only was used It was cut longitudinally with 
scissors and the two pieces pressed between filter paper to free them 
from blood The muscle from several hearts was weighed in a weighing 
bottle Cotton-wool soaked m chloroform was inserted between the 
stopper and the bottle and the whole was placed m an oven at 40° C 
for an hour 
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The hearts, in any one expenraent, were all taken from the same 
batch of frogs 

The skeletal muscle was taken from one of these frogs and consisted 
of either one gastrocnemius or several leg muscles 

Tortoise The ventricle was cut mto several pieces, pressed between 
filter paper and put mto ngor as above 

The skeletal muscle was taken from the legs and from inside the shelL 
It was found difficult to get a representative sample, smce it showed 
noticeable variation in composition, according to the site from which 
it was takeru 

Results 

In calculating the true lactic acid value from that estimated, the 
average loss is taken to be that of the hthimn lactate controls, that 
IS, 15 p c 

The prehinmary experiments on cardiac muscle of both frog and 
tortoise (Tables II a and m a) were made before one or two of the 


Table IL Laotio Acid ManmuiiL Cardiac and Skeletal Muscle. 
Feog 

Cardiac Skeletal 


A. (Frog arrived 29 vul 22) 





HL 

True 

Per 



HL 

True 

Per 


No 


esti 

HL 

centage 



esti 

HL 

cenUge 


of 

Muscle 

mated 

value 

HL in 


Muscle 

mated 

value 

HLiu 

No 

hearts 

grm. 

mg 

mg 

muscle 

No 

grm. 

mg 

mg 

muscle 

1 

3 

0 629 

0 78 

0 92 

0 148 , 

. — 

— 

— . 

— 

— 

2 

4 

1006 

1 22 

144 

0 143 

— 

— 

— 

— 

— 



Mean percentage HL 

=0 145 1 







B (Frogs arrived 10 v 

23) 







3 

8 

1 281 

1 85 

218 

0 169 1 

8 

2 572 

624 

734 

0*285 

4 

6 

1 160 

180 

2 12 

0 182 

9 

2 603 

8 23 

9 68 

0*372 


Mean percentage HXt^O 176 1 Mean percentage HL— 0 328 


Ratio — cardiac skeletal =0 63 


6 

0 

7 


C. (Frogs arrived 30 viii. 23) 


20 

3 626 

7 13 

840 

0 

238 

14 

1993 

5 61 

048 

0 

326 

15 

1818 

4 38 

6 16 

0 

284 


Mean percentage HXi=0 282 


10 

1404 

646 

760 

0 511 

11 

1 638 

754 

8 87 

OMl 

12 

1 387 

4 07 

6 49 

0*396 

13 

2 066 

9 56 

11 26 

0 545 


Mean percentage HL=0 606 


Ratio — cardiac skeletal =0 56 


later improvements m technique had been mtroduced All the other 
estimations were earned out accordmg to the final routine, ahquot parts 
were taken for oxidation except m the case of the detennmation on 
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TabixUL lAcbc Cardie and Stdetal Htisde, 

Tortoise, 
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Feb 

1923 


B 

Feb, 

6 1923 

Apt. 

7 1923 
Sept, 
1923 


1 

1 

1 

1 

1 


Cardiac 


Stelcbd 


Xo 

of 

L Bate hearts 

Jan, 

1923 



HL 

Xme 

Per- 1 


esti 

HL 

ceutage ' 


mated 

Talxie 

HLm 

grm. 

mg 

mg 

muscle 

1157 

240 

2S2 

0 240 

0-5S 

149 

175 

0-303 

0-915 

190 

2 24 

0 244 

0644 

0-645 

0-76 

Oils 

0-75 

242 

2S5 

0-379 

llwm p^refcutage HIi 

=0-257 

3 715 

855 

1006 

0 270 

3&il 

9-05 

10-65 

0 293 

1-409 

354 

4-17 

0 295 

1537 

344 

4-05 

0-263 



HL 

True 

Per- 


esti* 

HL 

centage 

Muscle 

mated 

value 

HL m 

1 Xo Bate grm. 

mg 

mg 

muscle 


10 

11 

12 

13 

14 


Feb 

1923 

Tf 

Apr 

1923 

T> 

Sept- 

1923 


2550 

2-060 

2946 

3-056 


1902 


6-12 

922 

8- 07 

9- 65 

7 39 


719 

10-S4 

9-50 
11 35 


0-2S2 
0 514 

0 322 
0 372 


8 70 0 464 


dlean percentage HL=0-2SO 

Katio — cardiac Ekeletal=0 72* 


^Tean percentage HL ==0-391 


cardiac muscle of Tables 11 A and b and HI a vrbere the amount of 
material used vras not large enongb for division. 

Determinations on cardiac and skeletal mnsde of the same animal 
axe tahnlated on the same Ime In Table m b, estimations 10 and 11 
are on skeletal mnscle of the same tortoise, as also estnnataon 12 and 13 
The lactic acid maxnrmTn of frogs’ cardiac muscle is in every case 
loTver than that of the corresponding skeletal mnscle Estimations on 
difierent batches of frogs axe entered m separate tables, the Talues for 
the two maxima show a fair agreement with one another withm each 
batch, but those of the two senes diSer from each other by a marked 
seasonal vanatioru 

The results may be best expressed as the ratio of the cardiac mean 
percentage to the skeletal mean percentage, which is 0 53 and 0 56 
respectively 

The lactic acid maxminm of tortoise’s skeletal mnscle shows consider- 
able variation from one estimation to another, even when two deter- 
minations are made on the mnscle of one animal (cf. Xos 10 and 11) 
These variations can only be explamed as being due to difierences in 
the composition of the mnscle, that from the legs often contamed much 
connective tissue so that it was not always possible to obtam a sample 
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conBistmg only of muscle fibres The values for cardiac muscle are more 
consistent and, taking the mean of both, the cardiac TP«-’nniTim is seen 
to be definitely lower than the skeletal maximum, though the difference 
is less marked than it is m the case of the frog, the ratio of the cardiac 
mean percentage to the skeletal mean percentage bemg as much as 0 72 

The theoretical deductions from these results are the same as those 
put forward by Hines, Katz and Long 

Summary 

Comparative estimations of the lactic acid maximum of cardiac and 
skeletal muscle show that m every case, the cardiac maximum is lower 
than the skeletal maximum 

For the frog, the average ratio of the lactic acid maximum of cardiac 
muscle to that of skeletal was found to bo 0 6, whilst for the tortoise it 
was found to be 0 7 

I should bke to express my thanks to Prof A V Hill for his 
suggestion and criticism of this work 
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FA.T1GUE, RETENTION OF ACTION CURRENT 
AND RECOVERY IN CRUSTACEAN NERVE 

Bt a LEYIA'i 

{From the Bepartmenl of Physiology and Biochemisiry, Umiersity 
College, London, and the Laboratory of the Marine Biological 
Association, Plymouth ) 

The study of fatigue in nerve has heen hitherto confined chiefiy to 
medullated nerve, non-xneduUated nerve, judging by the literature on 
the subject, having received comparatively bttle attention m this 
connection 

Miss Sowtona) observed m the olfactory nerve of the pike a gradual 
decrease m size of consecutive action currents after repeated stimulation 
The mvestigation of S Gartenp) on the same subject '^as conducted 
with the new of ascertauung whether (as had already been found by 
Bernstein on medullated nerve) this decrease m size of action currents 
could not be evplamed by a purely local decrease m the excitability of 
the nerve m the immediate proximity of the stimulating electrodes, as 
distinguished from fatigue conducted along the length of the nerve 
The arrangement used by Garten to control this consisted of two pairs 
of stimulating electrodes, of which one, more distant from the lead-off 
electrodes, was used for prolonged fatiguing stimulation, and the other, 
nearer the lead-off electrodes, was used for applying short test stimuli 
only By this means Garten established the existence of “conduction’’ 
fatigue, and of recovery also, m the olfactory nerve of the pike 

The evidence as to the fatigabihtv of moUuscan nerve is not unam- 
mous, and whilst Bo ruttau(3) compares an octopus nerve in this respect 
to the frog s sciatic, Burian(4) finds m the octopus and eledone nerves 
a high degree of fatigability Generally speaking, as Garten (I c ) sums 
up m his monograph, the various non-meduUated nerves differ very 
widely from each other m their properties , one property he finds common 
m all of them, namely, the comparative slowness of their electric 
manifestations 

If, thus, the evidence existent up to the present time as to the 
^ Woiimg for the iledical Pesearch ConnciL 
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fatigability of non«medullated nerve is not very extensive and generally 
little known^ still it points quite definitely in the direction of its being 
much greater than the fatigabihty of meduUated nerve and much more 
easily observed 

The meduUated nerves are essentiaUy fatigue-resistant, and in con 
nection with this their metabolism is also very smaU Only recently, 
by extreme refinement of technique, Prof A V Hill, m collaboration 
vrith A C Downing and R W Gerard(5), sncceededmmeasunngthe 
very smaU amount of heat produced by the frog’s nerve in activity^ 

Bemg mterested m the question of the possible superiority of some 
nerves over others for the study of metabolism and heat production, 
Prof A V Hill suggested that I should mvestigate the lunb-nerve of 
the spider crab {Maia squinado) m this connection I have subsequently 
also tried the nerves of the edible crab (Cancer) and of the lobster 
(Honiarus) They aU gave substantiaUy the same results, except that the 
lobster nerves survived less weU 

Method The leg of a large specimen is severed near the body (prefer 
ably m the arthrotomic seam) and the sheU on the lower side of the leg 
(m reference to the animal) is removed with the aid of bone forceps to 
the extent of one short and one long proximal link A few transverse 
cuts with a hacksaw are helpful The adductor group of muscles is then 
removed with theur tendon and the nerve appears lying upon the abductor 
group of muscles as a seroi-transparent bundle This bundle is composed 
of many secondary bundles, of thread-like appearance, qmte loosely 
connected together, there bemg practically no connective tissue Some 
of these threads are given off to the nearest muscle groups, but it is easy 
to isolate a bundle gomg to the next Imk of the limb consisting chiefly 
of straight uncut fibres In this manner it is easy to obtam stretches of 
nerve up to 10 cm long m large specimens of Ma\a In both crabs 
(Mata and Cancer) the fore claw leg was not used m the lobster on the 
contrary only the claw leg was found suitable 

The nerves were kept m a moist chamber, either in oxygen or in air, 
and were stimulated by a Harvard-Porter coil, with the hammer vibrating 
at a frequency of about 60 per second Single shocks also were used 
The strength of the stimulus was usually well over maximal The make 
shocks at this strength were, however, almost meffective, as shoivn by 
tests with smgle shocks and also by strmg galvanometer records The 
stimulating electrodes were of silver 

Silver-silver-chlonde electrodes, applied to the nerve with filter 
1 See also R W Gerard ns) 
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paper soaked m sea -crater interposed, were used at first as galvanometer 
circuit electrodes, but they proved unsatisfactory Tliey were never 
strictly non-polarisable (either m wire or foil form) and were also apt to 
develop large electrode potentials, unless special measures were taken, 
which made their use mconvenient A shght contammation with fatty 
matter, which is difficult to avoid, seems to afiect their functionmg 
In the espenments on fatigue, m which the size of the electric response 
is the mdicator, these details are of great importance, fatigue and recovery 
being easily simulated by the presence of polarisation at the electrodes, 
the response decreasmg with repeated stunuh and mcreasmg agam after 
rest 

Typical trpcnmenf on polanaaiion oj s\htr silver -thlondt tltdrodes A thread eoahed 
in Rmger s aolutioii was bridged across freshly coated electrodes in place of a nerve, and 
a small current rvas passed through the circuit at intervals The deflection rms read on 
the scale of a moving magnet galvanometer, and rvas comparable in sue mth an action 
current of a frog a sciatic. The current was always closed for 20 seconds and different 
intervals of ‘rest were allowed. In the following table the upper line indicates the 
intervals between successive observations, so that for J minute interval there is 20 seconds 
stimulus and 10 seconds rest and so on. 

Interval m mins. + 

Deflection m cm. 17 15 14 12 10 10 10 10 10 10 13 14 15 Ts 15 
We see a steadv decrease m size of the deflection with freq^uenfc stimuli until a steady 
state IS reached then, with longer x)enods of rest there is a gradual recovery until a new 
steady state is reached 

Polarisation at the electrodes, however, can never Bimulate fatigue in every detail 
and can be easily detected as such. 

Zmc-zmc-sulphate electrodes of the gelatme type were found more 
rehahle for espenments of this type and were exclusively used m the 
majority of the experiments 

A movmg magnet galvanometer, constructed by Mr A C Downing, 
was used m most experiments It possessed a very high figure of merit 
and a deflection tune, at the sensitivity used, when shghtly under- 
damped, of about one second The excellent properties of this instrument 
were of great assistance m the mvestigation It was employed at a 
distance of 3 m with a sensitivity of 1 mm = 3 3 x 10-® amp The 
lead-off to the galvanometer was usually monophasic (mjured-unmjured) 
The mjury current was compensated by the usual potentiometer method 
The mjury was produced by means of crushmg the end of the nerve to 
the extent of one or two mm , 

Results 

(a) General observahons Sea water proved satisfactory as a medium 
for preserving the nerves and making up the gelatme electrodes The 

8—2 
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nerves would keep alive and in good condition m sea water for man^ 
kours, and would even recover in it after exhaustion by previous stimula* 
tion^ In a moist chamber the nerves would keep ahve for 24 hours and 
stdl give strong action currents 

The electromotive forces found m these nerves are considerable The 
injury current m a Oancer nerve m one case reached 27 milhvolts, it 
was less (10 to 13 mv ) m the spider crab These values were observed 
at the beginning of an experiment, the mjury current subsiding first 
qmckly and then more slowly during its course In the Oancer n^re, 
however, qmte often the mjury current would first mcrease and then 
start to decrease The deflection produced m a long period galvanometer 
by tetamc stimulation is from 10—20 times greater than from the frog^s 
sciatic How far this is due to a longer duration of each response and 
how far to a greater maximum e m f was not mvestigated 

(6) FaUguCy retention of action current and recovery The results of a 
typical experiment are represented m Fig 1 This diagram has been 


150 | 



0 50 100 150 


Tune seconds 

Fig 1 Action current of spider crab nerve. Moving magnet galvanometer, monophosic- 
lead, tetamc stimulus Composite diagram, the first vertical ime representing for each 
curve the up sivmg of the galvanometer m response to the stimulas, the other vertical 
lines bemg back swings of the galvanometer at the end of stimuli of 2, 3, 5, 10, -0 
and GO seconds' duration respectively * Fatigue" is represented by the back swings 
progressively decreasing m size, ‘ retention of action current by the galvanometer 
not returning immediately back to the ongmal line after the stimulus ended 

made by observmg the movements of the spot of hght on the scale and 
plottmg them against time with the aid of a stop-watch It is a com- 
posite diagram, the mdividual curves of which were obtamed in the 
course of a smgle experiment on a nerve with different durations of 
stimulus, and superimposed so as to coincide at the beginning of the 
stimulus Different mtervals of rest were allowed between the mdmdual 

1 Hogbon (C) found that the heart of Maxa survives better m a medium containing 
less magnesium and some urea and it would be of interest to ti^ this also on the nerve 
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stiDralations, tlie cntenon oi recovery m eact case being the return of 
the spot of hght to the original base-line, the reason for which wiU be 
explained later The various points of this group of curves fitted mto a 
eonsistent whole (within the limits of error of observation, the galvano- 
meter deficction on the scale being read to 5 mm ) This m itself shows 
tlic nerve v'os in good condition and tliat th.e entenon of xecovexy 
vras correct The nerve ivas kept la oxygen. 

If v'e nov^ start onx analysis of the diagram by foUovring up the 
omve pertaining to the longest stimulus, of one minute’s duration, vre 
see that, after swinging up to about 120 mm m response to a stimulus, 
the galvanometer proceeds to nse to 140 mm, and then starts to decline 
When, at the end of one mmute stminlation, the stimulus is stopped, 
a surprisingly small back-swing is observed (15 mm only, t e from 90 to 
75 mm.), the galvanometer then creepmg back only slowly towards the 
original zero The comse of events m the case of a shorter stimulus is 
represented by the other vertical lines, correspondmg to back-swings of 
the galvanometer after 2, 3, 5, 10 and 20 secs stunulus duration The 
creep of the galvanometer to the ongmal hne after each stimulus is 
also seeru 

The first fimdamental fact revealed by this experiment is the pro- 
gressive declme m size of the back-swmg of the galvanometer with 
longer stimuli. Had the stimulus been contmued for, say, 2 minutes, no 
back-swmg at aU would have been observed on the slowly receding Ime 
of the curve at the moment of cessation of the stimulus 

In order to assure that the size of the defection of the moving 
magnet galvanometer, which shows only the time mtegral of the indi- 
vidual action currents, is a true measure of the electric response of nerve, 
and that we have to deal really with the decrease in size of the single 
action currents and not, for instance, with a gradual transformation of 
a monophasic response mto a diphasic, a few records were taken with 
a stxmg galvanometer, both with a monophasic, and with a diphasic, 
lead These have all confirmed the existence of this decrease The 
stimulus was still maximal at the end of the stimulation, as shown by 
the fact that a moderate mcrease of its strength produced no increase 
in the size of the response 

Retnmmg now to the experiment of Fig 1, the second fundamental 
fact shown by it is that after the stunulus is ended the galvanometer 
does not return immediately to zero hnt lags behmd and starts slowly 
to creep back This phenomenon which, under difierent names, has been 
described in many excitable tissues (see Discussion below), and for which 
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the name “retention of action current^’ seems the most adequate, repre- 
sents a state of negativity like that associated with activity, but of a 
more persistent nature than the action currents themselves In our case 
the phenomenon is very conspicuous Eefemng agam to Fig 1 we see 
that the retention at first mcreases with the duration of the stimulus, 
but soon reaches a maximum Were the nerve stimulated beyond the 
limit of 1 mmute (not shown in the diagram), the retention would start 
to declme At this stage, however, the stimulus itself would become 
meffective 

This retention of action current is a umversal phenomenon in crab 
nerve It is observed after aU kmds of stimuh and even after just limmal 
smgle shocks, so that it cannot be due to mjury by excessive stimulation 
It IS evidently mtimately connected with the action current itself, and 
not, for instance, with the stimulatmg current This is shown by the fact 
that the effect disappears when the stimulus is reduced to a just sub^ 
bminal strength, and it does not mcrease mdefinitely when the stimulus 
16 mcreased beyond the maximal strength, neither does the reversal of 
the direction of the stimulatmg current produce any effect 

The evidence, collected under (d), shows directly that the retention 
IS due to an mcrease of the negativity along the nerve trunk, and not 
to a decrease of the negativity of the mjured end 

The tune taken by the retention to wear off vanes with the duration 
of the stimulus and the condition of the nerve It is 4 to 10 minutes after 
a prolonged tetamc stunuliis and only a few seconds after smgle shocks 
The better the condition of the nerve the quicker the retention wears 
off, and m poor preparations the galvanometer may never come back 
at all 

Another fact is to be recorded, although it is not so constant m its 
appearance as the two descnbed above The total deflection of the 
galvanometer, as made up (a) by the amount of the retention present 
at any given time, and (b) by the action current proper, tends to be a 
constant value In other words, the nerve seems to be able to develop 
only a Imuted amount of negativity, and if the negativity has been 
already driven up by previous stimulation (m the form of retention), the 
consequence will be a correspondmg reduction m the size of the next 
action current, so that the same “ceilmg” is always reached Fig - 
illustrates this pomt As the diagram shows, durmg the first short 
(3 seconds) mtemiption of the stimulus there is httle decrease in the 
amount of retention present, and, correspondmgly, there is little change 
in the size of the next action current After longer rest (of more than 
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a mmute) lias been abovred, fhe letention subsides considerably, and, 
correspondingly, tbe next action current increases so as approximately 
to make up for the difference 
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Time seconds 

Fig i Same nerve, and condtitorns us Fig I ^ Ceiluag^* phenomenon, represented hv the 
fact, that the maxunom height attained by the action current is the same (a) after 
long rest (6) after 3 seconds rest only and (c) after 73 seconds rest In each ca^e the 
reduction m size of the action current la compensated bv the remainder of negativity 
( retention ) 

As has been stated, this phenomenon is not absolutely constant in 
its appearance The stimuli must he neither too short nor too long The 
effect of stimuh foUowmg each other so frequently that the retention 
has no time to wear off completely between the mdividual impulses is 
to produce a “staircase ’ phenomenon, and this “staircase” will reach 
the “ceiimg” only if a sufficient number of stimnh at a sufficient fre- 
quency he apphed In the case of a tetamc stimulus only a few seconds 
are required to reach the “ceiimg ” On the other hand, a prolonged 
tetamc stunulns, as we know already, results m the total electee response 
(action current plus retention) startmg to decline despite the presence 
of the stimulus, m which case the rule of the “ceiimg’ does not apply 
either (The reason for this deckne will become apparent m connection 
with the “ local fatigue ’ desenhed below ) The phenomenon is also apt 
to he obscured by spontaneous changes m the injury current IVith the 
nerve, however, m good condition, and the tetanic stimulus neither too 
short nor too long, the phenomenon is very stnkmg and can hardly he 
due to accident 

The whole complex of these phenomena is highly suggestive of the 
accnmffiation of some products m the nerve durmg activity, their pre- 
sence being responsible for the negative potential of the retention of 
acti^ ^ent and their elimination for the disappearance of the nega- 
tivity The total amount of the products which may develop (po>=sibly 
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from some other reserve substance) being limited, the amount of nega- 
tivity IS also limited (Alternatively, the iismg up and slow restoration 
of some substance causmg positive potential might be assumed to have 
the same efEect ) 

(c) Local fatigue and fatigue due to conduction In order to mvestigate 
how far the observed decrease m size of the consecutive action currents 
could be ascribed to fatigue of the whole nerve trunk as aresult of the con- 
duction of nervous impulses, and how far one had to deal with a purely 
local effect m the proxuoity of the stimulatmg electrodes, a chamber with 
two pairs of stimulating electrodes was constructed, on the hues of the 
one used by Garten and already referred to With the help of this 
arrangement the experiments illustrated m Figs 3 and 4 were made 


Fig 3 



Fig 4 

Figs, 3 and 4 Expinmenis on and conduction” faltffue 

For erplanation se^ text 


Inset IS the scheme of the electrode arrangement, 1-2 bemg the 
fatigmng pair, 3-4 the pair for short test stimuh only, and 5-6 the 
non-polansable galvanometer circuit pair In Fig 3 a test stimulus with 
electrodes 3-4 shows the presence of considerable excitabdity, then, at 
the fourth nnnute, a fatiguing senes of rhythmically made and broken 
tetamc stimuh (2 seconds on and 2 seconds off) is administered from 
electrodes 1-2 until the almost complete disappearance of response 
Another test stimulus from electrodes 3-4 reveals the existence of con- 
siderable excitabihty at the correspondmg part of the nerve and thus 
shows that the fatigue evidenced by the stimuli at electrodes 1 -2 is largely 
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local At tlie same tune, tlie size of the second test deflection is con- 
siderablv smaller than the first one The distance between the electrodes 
2 and 3 being 2 cm , this effect can hardlv be ascribed to a spread of the 
in^nnons eSect of the shmnlus, the expeninent thus shows that there 
IS a certain degree of fatigue due to conduction of nervous impulses as 
well This has been definitely established by the experiment of hig i 
m which care was taken to make sure that the nerve did not detenorato 
of Itself between the two test stunuln To that effect a regular senes of 
test stimuh of 1 second duration each was apphed every 2 mmutes The 
first four defiections are all of substantially the same size, thus proving 
that the nerve is m a steadv state Then at the end of the next mterval 
a fatiguing stimulus of i minute duration is mterposed from the elec- 
trodes 1~2 The response to the next test stunnlns from the regular senes 
IS considerably smaller, thus showing the existence of fatigue due to 
conduction of impulses That recovery abo occurs is shown by the fact 
that the next deflections of the senes agam mcrease m size The expen- 
ment was repeated later with the same result This experiment is abo 
instructive m showing the gradual accumulation of retention in con- 
sequence of stimnlation, and its gradual wearing off. The speed of this 
wearing off is seen to be greater the greater the amount of retention 
present, and follows an approxnnatelv exponential course The mjury 
current during this experiment steaddy declined from about 13 to 
8 ndlhvolts, as shown by the ordinates, which are m terms of injury 
current 

One inference from these ohservatioiis on local and conduction fatigue 
appears of general interest, vtz ,that the existence of local fatigue makes 
It difficult perhaps unpo^ible to achieve a marked degree of fatigue 
along the whole of the nerve As soon as the nerve is exhausted locallv. 
It ceases to send out impubes, and the rest of the nerve starts to recover 
instead of beconung further fatigued This evidently accounts for the 
fact mentioned when analvsmg Fig 1 that the retention does not 
mcrease mdefinitelv with the stimulus, but tends to reach a maximum, 
and then declmes despite the contmnance of the stmmlus It appears 
abo that the fact of the nerve showing a marked degree of local fatigue 
mav, after all (provided care be taken to avoid injurious stimuh), he 
regarded as an mdication of its general fatigahihtv It is difficult or 
impo’^sible to administer an artificial stimulus which will act as gently 
as a natural, conducted disturbance and a nerve is always bound to 
fatigue first at the spot where the stimulus originated, thus, owing to 
lack of excitation, it will be found less fatigued at all other spots 
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{d) Distribution of fatigue and retention correlated The facts described 
under (6) are by themselves highly suggestive of an mtimate connection 
between fatigue and retention of action current It is hardly conceivable 
that the parallelism m the degree of fatigue and in the amount of retention 
present, as also the fact that the nerve has recovered when the retention 
IS reduced to zero, are only due to an accident Some further evidence 
also IS available On the one hand, experiments suggest that the amount 
of retention of action current is a measure of fatigue, smce the retention 
and the reduction m size of the response vary m parallel, on the other 
hand, it has been proved that the fatigue is not distributed uniformly 
along the nerve but is greater in the proxiinity of the stimulating 
electrodes If the cause of both phenomena is the same, then the retention 
also ought not to be distributed uniformly along the nerve but should 
be greater in the proximity of the stimulatmg electrodes, in other words, 
after stimulation, a pomt on the nerve near the stimulating electrodes 
should be more negative than a distant pomt In order to test the truth 
of this assumption a chamber was constructed supphed with the usual 
four electrodes but with the stimulatmg electrodes also non-polansable, 
provision bemg made for the possibility of switching different electrodes 
mto the galvanometer circmt If we number the electrodes consecutively, 
electrodes 1-2 were permanently connected with the stimulatmg coil, 
and for the galvanometer circuit the combmations 3^, 2-3, or 2-4 could 
be promptly established With this arrangement a great number of 
experiments were performed under varying conditions For instance, 
electrode 3 was brought very close to 2 and the galvanometer circuit 3-4 
established with the pomt 4 also uninjured In this case, whilst a fresh 
nerve shows practically no p n , electrode 3 becomes more negative 
than 4 after stimulation, the usual picture of slowly recedmg retention 
bemg observed on the scale The same fact is revealed by nsmg the usual 
monophasic mjured-unmjured lead-off and the customary relative dis 
tance between electrodes 1, 2, 3 and 4 In this case the experiment is 
conducted m the followmg manner The mjury current between 3 and 4 
is first compensated until the galvanometer shows no deflection, then 
its reading m connection with 2-4 is noted (it usually differs shghtly from 
zero), then, after the nerve has been stimulated, the readings of the 
galvanometer m position 3—4 are compared with those m position 2-4 
by qmckly switching over from one position to the other It is mvariably 
found that the mcrease of negativity (retention) of 3 with regard to 4 
IS smaller than the corresponding mcrease of 2 with regard to 4, and this 
difference slowly wears off imtil, if the stimulus was not excessive, the 
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ongmal state is readied Another set of expenments rvas earned out by 
means of sbiftiiig electrode 3 along the nerve nearer to and further from 
electrode 2, and comparing the p n m different positions 

These experiments have definitely established the fact of a greater 
negativity m the neighbourhood of the stimulatmg electrodes as the 
result of a stimulus 

They have also accidentally revealed the fact that m the crab’s nerve 
one always gets a partially “monophasic” effect even from a diphasic 
lead The direction of this effect appears to he, in the majority of cases, 
the same as the directioii of the true monophasic effect m case of mjuxed- 
unmjuied lead It does not apparently depend on the direction of the 
small current which is normally present between two uninjured portions 
of the nerve This is shown by an experiment, in which the electrode 4 
was shifted nearer and further from the cut end, whereby a residual 
current of the same, and of the opposite, direction as the mjury current 
was consecutively ohtamed, the direction of the ‘"monophasic ’ effect 
remamed unaffected thereby This effect can also hardly be associated 
with the presence of cut branches, as the nerve was so dissected that no 
substantial number of fibres was cut Moreover, some experiments were 
performed m which the nerve was lofted from the electrodes and put 
back with its direction reversed, the direction of the “monophasic” 
effect was not affected thereby The direction of the “retention” always 
comcides with the direction of the “monophasic” effect, even m those 
few cases when the direction of the latter was reversed This seems to 
be another proof of the intimate connection existing between the action 
current and “retention,” as it imphes that at the electrode where the 
action current happens to he preponderant the “retention ’ is pre- 
ponderant as well iSo reversal of the “retention” (equivalent to the 
positive after-swing) was observed so far The number, however, of 
experiments earned out with the purpose of clearing up the, no doubt, 
compheated problem of the “monophasic” effect is not yet sufficient, 
and an improved apparatus for recording the action currents seems 
mdispensable 

Discussiox 

The retention of action current has been observed by many authors 
mvanous excitable tissues Du Bois-Eeymonddescnbedapennanent 
dimmution of the mjury current m the frog’s muscle (negative after- 
effect), and tbis was confirmed by Hermann(7) 

As a result of my observations I made some prehmmary expemnents 
of frog s muscles and found it easy to obtam curves of retention of action 
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current very sumlax to tliose of a crab nerve, even retention after single 
shocks could be easily observed At the time I had no knowledge of 
bemg anticipated, in part at least, by the founder of electro-physiology 
hims elf 

Samo]lofi{ 8 ) made experiments on frogs’ hearts, m which periods 
of activity were mterrupted by periods of rest of several seconds In 
some experiments the heart contracted normally, and periods of rest 
were brought about by stimulation of the vagus, in others the first 
Stanmus ligature was apphed, the heart bemg mamtamed m rhythmic 
contraction by induction shocks and periods of rest obtained by inter- 
ruptmg the mdnction shocks The heart was led off monophasicaUy to 
a string galvanometer In both groups of expemnents he obtained the 
movement of the base-line of the galvanometer during activity m the 
sense of the action currents themselves (decrease of m]ury current), and 
dunng the penods of rest in the opposite direction (mcrease of injury 
current) He thus confirmed the noted experiment of GaskelU^), who 
was the first to discover that stimulation of the vagus m a tortoise heart 
bmigs about an mcrease of mjury current, but while Gaskell mtcrpreted 
this effect as bemg brought about by the mcrease of the anahohc pro 
cesses of the heart under the influence of the vagus, Samojloff beheves 
that rest alone is responsible for the gradual decrease of this state of 
negativity (which he identifies with a state of general excitation) brought 
about by the previous period of activity 

As for nerves there is also no lack of observations to the same effect 
Biedermann (Ic) says of the Anodonta ner^’^e ‘^At the close of the 
rhythmical excitation the magnet usually returns with decreasmg rapidity 
to its position of rest, or there may m stale preparations be a negative 
remamder of the deflection” Garten (Ic), m his monograph, gives 
many excellent capillary electrometer records of the olfactory nerve of 
the pike His analysed records show clearly m each case of a mono- 
phasic response a remamder of negativity, which takes much longer 
time to wear off than the action current proper The falling phase itself 
appears to consist of two distmctly different parts, whereas the initial 
part of it 13 of approximately the same order of steepness as the rising 
phase, the remamder of the falhng phase appears practically horizontal 
at the speed of the recordmg surface used The same may be inferred 
from a mere inspection of many of his non-analysed records, taken at 
a slower speed There can he no doubt that the total electnc response 
(action current m the sense of Garten) is composed of two separate 
parts the action current proper and its retention (in the sense of the 
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pieseut mTestigatioii) Thjs second part is afiected independently of the 
first hr xanons factors Fox instance, in Fig 48, shomng the changes 
in the action current during the carhon dioade narcosis, the steepness 
of the ascending phase of the action current (and also of the initial part 
of the descending phase before the retention sets in) is seen to remain 
unaltered through the narcosis (IVhatever small difierence there max 
be cannot he detected at the slow speed of the drum used ) At the same 
tune the wearing oS of the retention is affected considerablv, and from 
hems xerv steep at the begmmng of narcosis it gradually becomes hori- 
zontal at the height of narcosis, and then gradually returns to the 
prenous steepness as the gas diffuses out Activity has a somewhat 
similar effect (the simflanty of the effects of carbon diosade and activity 
has been particnlarlv stressed bv ’Wallerao), and the drawn-out effect 
of activitv on the descending phase has been observed br B orut t a u (U )) 
So far, however, as I am aware Garten himself does not call attention 
to this complex nature of the electric response and to the possibihty of 
the last part of it hemg connected with the processes of restitution In 
this respect his attention, and that of many other physiologists, was 
directed to the positive after-swing (“positive Isachschwantnng ’) dis- 
covered bv Hering m 1864 and mterpreted by him as being due to an 
mcrease m assunilatory processes m the nerve after stunnlatiom 

In the frog s nerve the positive after-swmg is verv easdv ohtamed, 
and, smce Hexing s discoverv it has been an object of a long senes of 
papers which resulted m no clearness or nnanimity H'oronzow(i?) 
pomts out that the positive after-swing is a phenomenon of uncertam 
occurrence and the conditions of its appearance are difficult to fix. In 
even" case its presence is associated with the negative after-effect due 
to the frog s nerve acgmnng, during tetanisation, a certam negativitv of 
a kmd more stable than the action currents, this negativrfcv takmg 1 to 
2 seconds to wear off after the strmulns is ended The positive after-swing 
he explains as a transitorr mcrease of the negativity of the mjured end 
after stunulation which superimposes itself on the receding curve of the 
negative after-effect therehv causing the curve to overshoot The nega- 
tive condition of the nerve itself, on the other hand he mterpxets as a 
kmd of persistent state of activitv correspondmg to the exaltation phase 
of IV edenskv and Beritoff. 

It appears, thus, that the pnmarv phenomenon, connected with dis- 
similation m the sense of Hering is this accumulation of negativitv. 
Its slow disappearance is connected with restitution (assimilabon), the 
fact that the electnc potential, whilst changing, sometimes “over- 
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shoots the mark’’ is probably due to some secondary phenomenon, 
which will be better mvestigated, when the jnam facts are better 
known 

The crab’s nerve seems to lend itself very well to this kind of study, 
as m it the dual nature of the action current is particularly well 
represented If m quickly reacting nerves like the frog’s sciatic, some 
doubts of mterpretation may on occasion arise, owing to the partial 
fusion of the two phenomena, this can hardly be the case for the crab’s 
nerve 

An mterestmg confirmation, by a different method, of the existence 
of a second more persistent process in nerve was furnished by Verzar{i3) 
by experiments on polarisation of nerve by constant current B ernstein 
discovered first that the extrapolar electrotomc currents decrease in 
strength when the nerve is stimulated On the other hand, Gruhnhagen 
observed that the intrapolar polansmg current is mcr eased thereby 
Both the Bernstein and the Gruhnhagen phenomena were explamed 
by Hermann in terms of his law of polansatory mcrement (or decre- 
ment) of the electric response in the nerve m the state of electrotonus 
Verzar repeated the experiments of his predecessors on extrapolar 
currents with modem methods and foimd that the decrease m their 
strength lasts considerably longer than the stimulus He suggested the 
decrease m polansabihty of the nerve as the explanation of the pheno 
menon, the longer duration of it as compared with the action currents 
bemg due to a second process m nerve (The possibility of a decrease of 
polansabihty occurred, however, already to Hermann ) Samojlofid**) 
succeeded m mvestigatmg also the changes m polansabihty (or resistance) 
of the mtrapolar stretch of the nerve and confirmed the findings of 
Verzar for the extrapolar currents It seems that, in so far as this 
persistent effect is concerned, we are deahng with a phenomenon having 
the same ongm with the “retention” considered m this paper A very 
comprehensive study of the polansabihty of nerve has been made, 
with the help of the Braun tube oscdlograph, byG H Bishop and 
J Erlanger(i5) We will not attempt to summarise the contents of 
their paper, but it is of special mterest here that they suggest that 
the nsmg phase is caused by the process of excitation, and the falling 
phase by the process of restoration, and both processes may be affected 
differentially by different factors The restmg condition itself is a 
state of equihbnum between them. The present mvestigation on crab s 
nerve, and also other experiments quoted above, however, suggest that 
the fallmg phase itself is not uniform m its ongm. The “retention” 
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of tlie actaon current, -wticli m crab’s nerve is so slow as not to allow 
any doubts of interpretation as a separate process, may escape detection 
in other quickly reacting nerves owmg to fusion with the initial part of 
the falling phase 

This short survey demonstrates — and no doubt instances could be 
multiplied— that the retention of action current is a phenomenon mdely 
encountered m all kinds of excitable tissues The analogy between muscles 
and nerves is especially worth noting 

Since the fundamental discoveries hy I'letcher and Hopkins and 
by Hill and Meyerhof of the prolonged states of oxidato e recovery m 
which the lactic acid produced in muscles is slowly destroyed, it is natural 
to imagme that the increased negativity of the tissue after actonty is 
only another expression of the accumulation of the lactic acid It is 
hardly conceivable that changes of acidity in muscles, as large as we 
know actually to occur, would have no counterpart whatever in the 
changes of electac potential The important work of R Beutner(i7) m 
which he succeeded in artificially imitating the biological currents by 
concentration chains, including water-immiscible phases (“ oils”), proves 
that organic acids or their salts can create potentials of the right order 
of size by reason of their much greater capacity of penetration into the 
“oily” phase, than the capacity of morganic acids or salts The origin 
of the potential he transfers, basing his views on Cremer’s mtro-bensol 
chain, mto the difference of composition of the membrane (or “oily” 
phase) itself, and not mto the difference of the watery phases, as was 
done before, the actual seat of the potential being at the interfaces 
between “oily” and watery phases The addition of acid to the “oily” 
phase makes it positive with respect to the watery phase A double 
membrane, the outer one containing much acid, and the inner one con- 
taining none or little of it, accounts, accordmg to his theory, for the 
ongm of the mjuxy current As to the specific nature of this acid, he 
makes no suggestions, lecithin, or oleic, or palmic acids, dissolved m 
guaiacol, were successful in mutating demarcation potentials m plant 
tissues m his previous work m collaboration with Loeb S Mond(iS), 
how ever, succeeded m conatructmg chains, mcludmg tanned gelatme and 
other albummous substances, which, in his opinion, reproduce the bio- 
logical potentials better According to him and to some other research 
(quoted m hia paper) done in the institute of Prof Hober, the large 
effect of orgamc ions on potentials, existing in the case of “oik,” has 
not been confirmed on the biological objects, and the albummons chains 
are more satisfactory m this respect It is, however, cleat that much work 
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has to bs doG6 before any definite conclusions m this respect are arrived 
at For our subject tbe work of Beutner is interesting m supplying 
some experimental basis for tbe lactic acid theory of tbe origin of tbe 
“retention’’ of tbe action current, tentatively proposed here A develop 
ment of acid at tbe inner side of tbe Beutner’ s double membrane would 
explain tbe direction of tbe potential observed Beutner also found a 
considerable mcrease m tbe conductivity of tbe “oils” after tbeir being 
impregnated by orgamc acids or salts Tbis is m good agreement with 
tbe evidence existmg as to decreased polarisabdily of tissues after 
stimulation, and may serve to further strengthen the “acid” theory 
of the ongm of tbe “retention” of tbe action current 

SuMilARY 

(1) The excised limb-nerves of crustaceans {Mata squinado and 
Cancer) which are non-medullated, survive well and form a suitable 
object for electropbysiological mvestigation They are easily excited by 
mduction shocks 

(2) They are readily fatigued by tetanic stimulation, as shown by 
tbe nearly total disappearance of tbe electnc response, and they recover 
if left at rest for sufficient time A fresh nerve is fatigued m about 
2 minutes of tetanic stimulation, after tbe nen^’e has been exhausted 
by previous stimulation a few seconds suffice, 4 to 10 minutes are neces 
sary for tbe recovery of tbe nerve after sustamed tetamc stimulation 

(3) This fatigue goes band m hand with an mcrease m the negatintr 
of tbe nerve, additional to tbe negativity of tbe action currents and of 
a more persistent nature Each single impulse, by itself of very short 
duration, leaves bebmd it a state of negativity (“retention of action 
current”), weanng off m a few seconds, this negativity accumulates if 
the stimub follow each other frequently enough (“staircase” pheno 
menon), and it then takes a longer time to wear off 

(4) The greater tbe amount of the “retention” present tbe greater 
18 the reduction m size of the electnc response (“ceibng” phenomenon) 
Tbe recovery goes band m hand with tbe weanng off of the “retention, 
and tbe disappearance of the “retention” is a sign of complete recovery 

(5) Tbe experimental fatigue of crustacean nerves is a combmation 
of local and conduction fatigue It is considerably greater m the proximity 
of the stimulatmg electrodes, but tbe whole ner\ e is also fatigued as the 
result of conducted impulses 

(6) It is suggested that the phenomenon of local fatigue is an indica- 
tion of a nerve’s general fatigabibty 
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(7) There is a complete parallelism m the distnbution of fatigue along 
the crab’s nerve and in the distribution of “retention” of action current 
The “retention” (negativity) is also greater m the proximity of the 
stim'olatmg electrodes 

(8) A Burvey of literature demonstrates tliat the retention of action 
current is a phenomenon widely encountered in all kmdfl of excitable 
tissues It IS probably connected with processes of restitution 

It 18 my pleasant duty to express my mdebtedness to Prof. A V 
Hill for his kmd interest and help throughout this investigation My 
thanks are due also to Dr E J Allen and to the stafi of the Marme 
Biological Station m Plymouth for the courtesy extended to me during 
my stay m Plymouth 
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the effect of frequency of stimulation on 

THE HEAT PRODUCTION OF NERVE 
By K W GERARDS A V HILL akd Y Z0TTERMA15"- 


{From the Department of Physiology and Biochemistry , 
Umiiersity College, London) 

In the expemnents previously reported by Downing, Gerard and 
Hill(i) on the heat production of nerve the stunulating agent employed 
was a Harvard coil in which the ordinary spring had been replaced by 
one which gave 140 complete vibrations per second, so supplying 280 
shocks per second, 140 make and 140 break It was assumed that, up 
to the limit where a stimulus would fall withm the absolute refractory 
phase of its predecessor, the heat production would mcrease with fre- 
quency of stimulation, and, since the measurement of the heat is by no 
means easy, it was desired to have as much heat as possible to measure 
In occasional experiments the ordmary Harvard cod was employed, 
givmg 100 stimuh per second, 50 make and 50 break, and we noticed 
always that the heat production did not fall off nearly as fast as the 
frequency between 100 and 280 stunuh per second the total heat fell 
off only m the ratio of about 3 to 2 Smce m dealmg with the mechanism 
of nerve activity it is desirable to know the heat-production per impulse, 
It IS necessary to divide the observed total heat by the frequency m 
order to obtam what one requires, and it became obvious that this would 
not be constant as the frequency changed, so that the heat per impulse 
required further defimtion Nearly all work on the nervous impulse 
(apart from that of Erlanger and Gasser and their colleagues (2, 3)) 
has been concerned either with single impulses, or with pairs of impulses, 
so that from this pomt of view it was obviously desirable to find the 
heat per impulse when unaffected by the presence of other impulses, 
and to study the rate at which the energy hberation m the impulse 
*^recovered^' after a previous stimulation The heat production, however, 
m a stimulated nerve is so small that there is no hope at present of 
bemg able to determine it directly m a single impulse It is necessary 

^ Fellow of the National Research. Council, 

- TraveUing FeUow of the BockefeUer Foundation 



131 


HEAT IN NERVE IMPULSE 

to TTork with, a long succession of impulses, several hundred at least, m 
order to obtam any accuracy, and these must foUow one another m 
fairly rapid succession, since the rate of heat loss of the thermopile is 
so great, thus it is essential to know the relation between freq^uency 
of stimulation and heat production m order to proceed further Inci- 
dentally, the mvestigation of the relation has supphed some mteresting 
information about the “recovery process” which is completed m nerve 
durmg a fraction of a second after stimulation^ 

Method It was necessary to obtam some smtable means of applying 
stunuh to a nerve at a rate varying from (say) 20 per second up to (say) 
500 We attempted at first to use a valve-generator, supphed by the 
Cambridge Instrument Company, which produces an altematmg current 
approximating to a pure sme wave, the frec[uency of this can be vaned 
as desired, by changing the capacity of a condenser The higher fre- 
quencies were easily attamable with this arrangement, but the lower 
frequencies provided a di£B.culty Moreover, the stimulating efiect on 
nerve of a pure sme wave current is very poor when compared with the 
energy it contains For many purposes there is no harm m usmg such 
a means of stimulation, because no polarisation results from an alter- 
nating current, and even though it contains an unnecessary amount of 
energy it does not mjure the nerve, while m most types of experiments 
the heat hberated by the stimulating current is of no importance In 
the present experiments, however, it was essential that the stimulating 
agent should liberate the mmimum of energy m the nerve, because if 
the energy so hberated is excessive it conducts down from the stimulating 
electrodes, reaches the thermopile m spite of all precautions, and causes 
serious errors m the results A more satisfactory agent is a senes of 
extremely rapid mduction shocks, as supphed by a coreless coiL With 
such a cod the stimulus is produced very suddenly by the rapid nse of 
the mduction shock, and no energy is wasted m the mterval between 
successive stimuli, as is the case when an alternating current is passing 
contmuously between the stimulating electrodes 

The ordinary vibratmg spring, with a pomter moving m and out of 
a bowl of mercury, we did not regard as a sufficiently accurate and 
rehable means of regulating the shocks, smce it is difficult to ensure 
either that make and break shocks are equally spaced, or that they are 

‘ The use of the word ‘"recovery” m this sense is weU established, as also is the term 
recovery” m muscle m a completely different sense The “imtial recovery” of nerve, 
complete m a few hundredths of a second, has no relation to the ‘ delayed recovery process’" 
which occupies ten mmutes or more- 
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Fig L Revolving contact-makmg and breaking device, canying two Bteel discs 
insulated from one another on the same shaft, each supplied with five cams for making 
and breaking contact at the point P earned by the phosphor bronre spring S 

satisfactory As designed, there are two circular discs nmning, insulated 
from one another, on the same shaft, each containing five cams which 
lower the tip of a phosphor bronze sprmg and then suddenly release it, 
so making and breaking contact at regular mtervals^ It was expect-ed 
that it would be necessary to employ only break shocks in the mvestiga 
tion, so that one of the cam discs was designed to make and break the 
primary circuit of the coil, as it revolved, while the other cam disc 
was mtended to shorkcircuit the make shocks (or, if desired, the break 
shocks) only As a matter of fact, we found it unnecessary, except for a 
few special purposes, to employ both discs, and have used both make 
and break shocks, which, with the coreless coil employed, have proved 
to be practically equally efiective, this has the advantage also of avoiding 
polarisation m the nerve 

The cams and spnngs were so arranged that the contact, which was 
between two platmmn pomts, occurred almost exactly half-way between 
two breaks This could be tested by eye, or better by puttmg a volt- 
meter across the contact and marking the pomts at which a deflection 
occurred when the wheel was slowly revolved by hand The breaks 
were very sharp, being caused by the spring falhng off the end of the cam 

1 For the succesa of the mstrument we are mainly indebted to the skill of 'Mr A- C. 
Downing 
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It was obviously necessary to ensure that tbe sbooks were approxi- 
mately equal at all frequencies Vox this purpose a very fine resistance 
wire, wound non-inductively round the junctions of a thermopile, was 
employed , the current from the mduction coil ran through the resistance 
wire, so wamimg it and thereby the junctions of the thermopile, the 
E M F from which gave on a movmg-coil galvanometer a deflection 
proportional to the energy in the induction shocks Setting m motion 
the contact-making and breaking device, connected m the ordinary 
way with a coil, and reading its speed (and so the frequency of the shocks) 
with an accurate tachometer, the energy per second m the mduction 
currents from the secondary could be compared with the frequency If 
the shocks were equal at all frequencies the total energy read on the 
galvanometer scale would be proportional to the frequency, and this 
was found actually to he the case up to frequencies of 400 shocks (200 
make and 200 break) per second Beyond that limit the total energy 
contmued mdeed to increase with the frequency, but at a diminishing 
rate, the energy per shock becoming somewhat leas The cod employed 
was coreless, so ensuring qmckness of nse and fall m the primary current 
and rapidity m the mduction shocks 

A similar method was employed m order to be sure that the 
make and break shocks were equally effective For this purpose the 
energy of the make shocks alone was determined, by short-circnitiag 
the break shocks by the second cam-disc and contact, or the energy 
of the break shocks alone was determined, short-circuiting the make 
shocks These came out about the same and equal to about half the 
energy found when both make and break shocks were employed Since 
the total amount of current passing m a make shock is necessarily the 
same as that m a break shock (for a given resistance, coil distance, and 
primary current), the equahty of the energy m the two shocks shows 
that they were practically of the same form, and therefore would have 
the same stimulating efficacy 

The stimulus was varied by altering a resistance m the primary 
cucuit, the secondary bemg fixed over the primary Supermaxunal 
shocks were employed, as large as it was practicable to use without 
producing current heat’’ m amount sufficient to conduct from the 
stimulating electrodes down to the thermopile, and so cause an error 
m the result It is necessary, at high frequencies, to use stimuli which 
are very considerably supermaxunal, because the excitability of the 
nerve takes an appreciable time after a stimulus to attam its ongmal 
\alue In all previous experiments with the Harvard coil giving 280 
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shocks per second, the position for maxunal stimulation at that fre 
qnency was known Employing onx contact-making device at the same 
frequency, we were able to show that it produced the same response as 
the coil for considerably weaker currents than we actually used m the 
following investigation Eor frequencies, therefore, of 280 per second 
and below, our stimuh were certainly maximal, and probably also for 
a considerable range above that frequency 

The contact-making and breaking device was driven by a motor 
through a pair of countershafts carrying cone pulleys, so that any 
desired frequency of revolution could be obtamed The constancy of 
speed as read by the tachometer was amply sufficient for our purpose 
All speeds were read as revolutions per mmute of the cam arrangement, 
and multiphed by 10 (5 make and 6 break shocks per revolution) and 
divided by 60, that is altogether divided by 6, to obtam the number 
of shocks per second 

With the extreme sensitivity required for these experiments on the 
heat production of nerve, difficulty is often expenenced from electnc 
leaks, and it was found necessary to remove the whole of the stimulatmg 
arrangements to the next room and to brmg only a flexible wire, carrymg 
the make and break mduction shocks, mto the experimental room Two 
observers therefore were needed, one to read the scale and to mampulate 
the apparatus for measuring the heat, the other m the next room for 
ad]ustmg and measurmg the speed and givmg lO-second stimuh The 
period of stimulation was always the same, the observer, employmg a 
stopwatch, pressed a Morse key m the primary circmt and released it 
at the end of 10 seconds, givmg appropnate wanung to the observer 
at the scale m the next room 

The accuracy with which the heat can be read, especially at low 
frequencies where it is small, is relatively low, so that it is necessary 
to make a large number of observations The relative infatigabflity of 
nerve enables large numbers of observations to be made, the most 
reliable condition bemg that stimuli should be spaced at regular tune 
intervals, for example of one or two mmutes , m that case hundreds of 
observations can be made on a smgle set of nerves, passmg several times 
up and down the range of frequencies desired It is not practicable to 
work at frequencies of less than about 20 stimuh per second, because 
below that hmit the heat becomes so small that random errors due to 
extraneous disturbances render the results unrehable, and we have not 
considered frequencies above 400 to 500 per second, for at such fre- 
quencies we pass into the range where many of the stimuh must be 
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inefiective, for example, evety alternate one falling in tlie completely 
refractory ptase left by its predecessor So far as our experiments go, 
tbe beat production stM contmues to mcrease sbgbtly, bo^s'evei far tbe 
frequency is pushed. Ovrmg, bo'rrever, to the theoretical complication 
mtroduced by the nerve no longer foUoTOng the stimuli at the higher 
frequencies, ^ve hunted our ohservations to the range, 20-420 per second 
It IS obvious, of course, that the ongm of zero frequency must he upon 
the curve 

Results The mdividual obserratioiis are so numerous that they 
cannot well he recorded here. Their number, however, ensures that 
random errors due to extraneous causes do not appreciably affect the 
results, and we have taken a mean for the following freqnencies from 
the smoothed curves of several experiments In each case the curve 
was reduced to the same scale before reading off the value for calcnlatmg 
the mean AH experiments were made at about 18° C 

TxBtx L ilean Tallies of heat (aihitrary Tmits) at difierent frequencies (stunuh 
per second), from Tvhich Fig. 2 is constructed. 

Frequency 0 20 40 60 80 100 140 ISO 220 2S0 360 420 

Heat 0 23 40 52 61 67 77 S2 S7 03 97 99 



Fig 2. Uelation betrreen total heat per second (full curve), or total achon current per 
second (broken curve) and frequency of stnnulation in shocks per second The scale 
of each curve la arbitrary, but the two curves are made to comade at a frequencv 
of 400 '1 J 

The resTilt is shown m Fig 2, where there is also given for com- 
panson a carve of “total” action cairent ohtained in the maimer 
described below 

The carve m Fig 2 is in arbitrary amts of heat TTe can mterpret 
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it in absolute units, for maximal stimulation of a frog’s nerve, by using 
tbe data of tbe paper by Downing, Gerard and Hill(i) There it was 
shown that one second of maximal stimulation at about 15° C , at a 
frequency of 280 per second, liberates, of initial heat, about 7 6 x 10"^ 
calorie per gmu, of total heat, that is mitial plus delayed, about 
69 X 10“^ calorie per grm Assunong these values at 280 stimuh per 
second, we may calculate those for any other frequency The result is 
given m the following table expressed m terms of heat per impulse, 
the heat per second being obviously obtamable by multiphcation by 
the frequency For the purpose of the argument which follows we give 
also, m the second column, the mterval between stimuli. The last entry, 
that at zero frequency, refers to the case of a smgle isolated impulse 
nnafiected by any previous stimulation of the nerve It is obtamed by 
laying off the tangent at the origin to the curve of Fig 2 

Table IL Absolute valu^ of tbe heat per nnpulBe at difierent frequencieB, recboued 

per gram of nerve. 


Frequency 

Interval 

Initial heat 

Total heat 

(shocks per sec 

) between shocks (<r) 

X 10~^ cab 

X 10^ caL 

400 

26 

2 03 

18*4 

350 

2 86 

2 27 

20 6 

300 

3 33 

2 66 

23 2 

280 

3 67 

2 71 

24 6 

250 

4 00 

2 98 

27 0 

200 

600 

3 47 

316 

150 

6 67 

430 

39 0 

100 

10 0 

6 63 

602 

80 

126 

6 28 

67 0 

60 

16*7 

7 19 

652 

40 

26 

8 26 

76 0 

20 

60 

9 49 

86 1 

0 

CO 

10 32 

93 7 


The entries in the last two columns are smoothed values, and bo are given to thieo 
significant fitgurea. 


The most mterestmg entry in Table II is the last one, showing that 
in a smgle isolated impulse m a nerve there is a ns e of temperature, 
corresponding to the mitial heat, of almost exactly one ten-miUionth 
of a degree Centigrade, while the total heat (initial plus delayed) m ^ 
smgle impulse is nearly one millionth of a calone per grm These may 
be compared with the case of a smgle muscle twitch, where there is an 
initial nse of temperature of about 3/1000 of a degree, 30,000 times as 
much as for the nerve, and a Mai heat of about 7 5 x 10~^ calone per 
grm , about 8000 times as much 

Similar experiments have been performed, measunug the total action 
current instead of the heat The term “total action current’* requires 
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some explanation- The nerve, mounted in a suitable chamber, and 
arranged to give a monophasic response, with two non-polansable 
electrodes of the zanc-zinc-chlonde gelatme-Bmger type, was stimulated 
at a point distant from these electrodes and, to use the classical term, 
the ‘‘ negative variation of its m^ury current” was recorded on a sensitive 
high resistance galvanometer The instrument employed was a Downing 
galvanometer (3) of very high resistance (20,000 ohms), the extreme 
sensitivity of which allowed a deflection of 30 miiL or more to a single 
shock, m spite of the rapid movements (half a second deflection time) 
The m]ury current of the nerve was balanced and tbe galvanometer 
brought to zero, a stimulatmg current from the make and break arrange- 
ment descnbed above being allowed, by means of a Lucas revolving 
contact-breaker, to pass for half a second through the nerve The deflec- 
tion obtamed was read ballistically on the scale The readings represent 
the total area of the action-current-time-curve, above a base Ime corre- 
spondmg to the balanced m]uiy current In other words, the ‘‘total 
action current,” as we have called it, measures jOdt where C is action 
current, and t is time and the limits of the mtegral are the beginning 
and end of activity m the nerve 

The process descnbed above m reference to the measurement of 
heat was repeated m respect of electnc change on a number of nerves 
Twelve rehable experiments were performed on twelve different nerves, 
and each of the curves relating electnc change to frequency of stimulation 
consisted of a sequence of observations with increasing frequency, fol- 
lowed by another sequence with decreasing frequency, so as to elumnate 
as far as possible any effect of fatigue, or of change in the nerve These 
curves were then averaged and the resultmg mean curve is shown by 
the broken bne of Fig 2 The scale adopted is arbitrary, the curve of 
electnc change bemg made to comcide with that of heat production at 
a frequency of 400 per second In nearly all respects, except that a 
different chamber was used, these experiments on the electnc change 
are comparable with those on the heat, the stimulating arrangement and 
the temperature bemg the same, Rana esculenta being employed m 
either case The only difference, and it is one which can scarcely affect 
the results, is that the curve of electric change corresponds to stmmli 
of only half a second duration, while that of heat corresponds to stimuli 
of 10 seconds* duxataon ISo fatigue^ however, occurs m a nerve m such 
a short mterval of stimulation as 10 seconds, so we may regard the two 
curves of Fig 2 as bemg stnctly comparable with one another 

Discussion One noticeable characteristic of the heat curve m Fig 2 
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IS the way it starts to bend round soon after leaving the origin, According 
to Lucas, Adrian, Kato and others, the relatively refractory p enod 
of the quickest fibres of a nerve, following an excitation, is over, or very 
nearly over, at 20 g At the corresponding frequency of 60 per second 
the heat per impulse as here measured is obviously falling off Clearly, 
as regards heat production, the “recovery process” (m the sense in 
which that term is employed by Lucas and Adrian) of all the fibres 
of a nerve considered m the aggregate, takes longer than does the 
“recovery process” of the quickest fibres m respect of excitability It 
IS useful, therefore, to express our results m another way, m which the 
recovery of the capacity for liberating energy can be studied 

If we take the data of Table 11 and plot the heat per impulse against 
the mterval between successive impulses, regardmg the heat at zero 
frequency as bemg 100 p c , we obtam the curve marked “return of 
energy hberation” of Fig 3 It is not possible to follow this curve 



Fig 3 Return of energy bberation and return of excitability For tbe former the heat per 
impulse is given as a function of the mterval betTveen successive stimub and is calculated 
from the curve of I^g 2 The return of excitability is denved from data supplied hv 
l)r Adrian which were obtained from measurements of the least mterval for muscular 
summation for different strengths of second shock* 

experimentally to the nght with any accuracy, for the reason given 
above, namely that at very low frequencies the total heat per sec is so 
small (however large it may be per impulse) that random errors affect 
the result The curve is dotted m below 4 (t, as with mtervals less tbau 
this some, at any rate, of the stimuli must be fallmg m the absolutely 
refractory phase of them predecessors Withm the range, however, of 
4 a to 60 a there is no doubt of the general form of the curve The initial 
energy liberation of the nerve, judging from the duration of the rising 
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ptase of tie action crareiit (as shoim by Bishop, Eilanger and 
6asseTC2)), is very short, say of the order of 0 75t7 If neglect it 
completely ^ve may perhaps regard the ongm as lymg upon the curve, 
for at zero time after a previous stnnnlns the nerve has obviously not 
recovered at all its poirer of liberating energy Ji ve xegari the initial 
breakdown process as lasting for 0 Too, a point distant 0 75 along the 
horizontal axis should lie on the curve Our present laiowledge is not 
adequate to allovr us to distinguish between such alternatives If, how- 
ever the initial liberation of energy be complete withm za then the 
pomt (x, 0) should he upon our “recovery " curve For the present we 
have drawn it as a broken Ime passing through the ongm- 

The recoverv curve of energy liberation does not obey exactlv uny 
simple formula and it is probably composite m its nature It repre- 
sents presumably the average recovery of a number of fibres drfienng 
widely m therr tune relations According to Bishop, Erlang ex and 
Gasser(2) some of the fibres m the frog s sciatic nerve take about four 
times as long to recover as do the most rapid fibres As a rough 
approximation the curve might seem to he exponential m character, 
corresponding to the assumption that the rate of recovery at any 
moment is proportional to the amount of recovery stiU to be completed 
The curve, however, nses initially more rapidly, and later more slowly, 
than It should on such an assumption though this would be explamed 
if it were compounded of a senes of exponential curves of difiexent 
time-relatiODS There would seem at present to be msufficient evidence 
to warrant any further discussion of its physico-chemical basis 

The recovery of excitahihty of a nerve after a stimulus follows the 
relation descnbed bv Lucas and Adrian and investigated by many 
observers smce The particular curve shown m Fig 3 has been supplied 
by Dr Adrian as a typical recoverv-of-excitability curve for English 
Rana (emporana The nerves actuallv used in our investigation were 
those of Dutch JJaim esculenia It is obvious that the return of ex- 
citabihtv nnder therr conditions follows a very difierent relation from 
the return of energy liberation nnder onis It should he noted, however, 
that the curve giving the return of excitabflity refers to those fibres of 
the nerve trunk which recover then excitability most rapidly— the 
observations on which it is based mvolve the measurement of the least 
interval required for minimal muscular summation, for given strength 
of second shock The curve, on the other hand, of return of energy 
hberation refers to all the fibres of the nerve, smce maxunal stunuh were 
employed, at any rate for mtervals greater than 4cr It may well be 
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the case that, takmg the difference between the conditions into account, 
the two cnryes of recoveiy are fundamentally the same in other words, 
that if it were possible experimentally to obserre the heat only of those 
fibres which recover most quickly, the curve of recovery of heat would 
nearly reach its asymptote also within 20 cr or so 

In Fig 2 it is seen that the total electric change follows very much 
the same course when the frequency alters as does the heat production 
What the significance may be of this relatively close agreement it is not 
possible as yet to say The similanty of the two curves of Fig 2 ensures 
that if we calculate a curve of return of electric change, similar to that 
of the return of energy liberation of Fig 3, we shall find the return of 
electnc change to be similar m general to the return of energy liberation 
In view of the demonstration by G Kato and his colleagues of the 
complete apphcabfiity of the ‘‘all or none’* principle, when expressed 
m the form that the size of the impulse m a nerve fibre is a function only 
of the condition of the fibre and is mdependent of the stimulus strength 
or of the distance the impulse has travelled, we may assume that all 
the impulses actually started m the nerve traverse the whole of the 
nerve and are not abolished by decrement Kato(4) m his second 
monograph, chapter vm, deals with “the recovery of nerve,” and 
proves, p 115, what is important for the present purpose, that in the 
case of three shocks given m succession the second least interval for 
muscular summation is equal to the first least mterval, and therefore 
that “the refractory period due to the first disturbance of normal size 
evoked m normal resting nerve is equal to the refractory penod due to 
the second disturbance of subnormal size evoked m the mcompletely 
recovered nerve ” If this conclusion can be generalised we are justified 
m foUowmg the process of recovery, as we have done above, by em- 
ploying a rapid succession of stimuli, instead of a smgle pair Kato s 
result, moreover, suggests (p 116) “that the nerve, if it will respond at 
all to a stimulus, will discharge all that is available at the moment, mde- 
pendently of the strength of the stimulus and mdependently of whether 
it is m the resting condition or m the relatively refractory period 

Let us imagme that the total energy available m a nerve for immediate 
discharge is hberated suddenly on the apphcation of a shock and that 
as soon as the “explosion” dies down the nerve begins to recover its 
power of iiberatmg energy along the curve shown m Fig 3, or, m the 
case of a smgle fibre, along one of the elementary curves of which the 
cxirve of Fig 3 is compounded Let us imagme also that the impulse 
cannot propagate itself at all unless there is a certam amount of energy 
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available in it A simple physical analogy is a tram of gunpowder which 
win conduct a wave of bunnng, if igmted at any pomt, provided that 
the thickness of the tram is sufficient If the tram be too narrow the 
combustion will die away at once and will not be transmitted If this 
analogy be valid we obtam a simple picture of nerve activity, namely, 
that after an impulse a recovery process (presumably anaerobic) has to 
go on, restoring the nerve, as regards energy, to its imtial condition 
and takmg 50 a or more (or m the case of the individual fibres, 20 to 
80a) m the process, and that the absolutely refractory penod is due to 
the fact that the wave will not propagate at aU unless there be a 
certam amount of energy available 

The energetics of the recovery of nerve to its initial condition fol- 
lowmg a stimulus (apart altogether from the delayed process which 
lasts for ten mmutes or more after stimulation) provide an interesting 
problem In the case of muscle we know that contraction is accompanied 
by a large and sudden hberation of heat, while relaxation, which occurs 
more slowly, is also accompamed by a liberation of heat which seems 
to follow the course of relaxation, at any rate approximately In their 
paper on the nature of the isometnc twitch Hartree and Hill (5, Qg 6, 

P 406) desenhe the return of muscle, following a shock, to its initial state 
of capacity for hberatmg energy The return of heat hberatmg power in 
a frog's muscle at 10° C is complete m about 0 2 sec , which is just 
about the time taken m complete relaxation at that temperature It 
would seem likely that this ‘‘recovery” m muscle is associated m some 
direct way with relaxation, and, smee we know that relaxation is ac- 
compamed by heat production, it may well be that m nerve the return 
to its mitial condition will also be accompanied by a production of heat 
Thus, the process of “recovery” exhibited by the curves of Fig 3 may 
not be one mvolvmg no change of energy, mdeed upon general grounds 
it would seem more likely that the chemical reactions mvolved m the 
restoration of nerve to its ongmal condition would be accompamed by 
a hberation of heat, ? e by a wastage of energy Thus, m saying that 
m the initial process of a single impulse a nerve hberates about one ten- 
millionth of a calorie per grm , we do not imply that the whole of this 
energy hberation is confined to the interval dnnng which the action 
current occurs, smee there may he an mitial rapid outburst of heat, 
as there is m muscle, followed by a slower hberation of heat occurrmg 
dunng the “recovery,” which is analogous to relaxation, and takes 50a 
or more (20 to 80 a) to complete In this sense, therefore, there may well 
be, as m muscle, three phases of hberation of heat, namely, an mitial and 
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very rapid phase concerned Ttith the process which produces the nse of 
the action current, a second phase concerned with the restoration of the 
nerve to its original condition of excitability and conductivity and com- 
plete m 50or or so, and a third phase lasting for 10 minutes, duxmg which 
eight-ninths of the total energy is hb crated It is impossible at present 
by direct methods to analyse the heat as between these first two phases 
In the case of muscle, where the heat is much larger, and contraction and 
relaxation may be considerably displaced in time from one another by 
taking appropriate slow muscles and by lowering their temperature, the 
analysis is technically possible In tbe case of nerve, where the heat in 
one impulse is very small and the whole process lasts only 50 cr or so, 
there would seem to be no chance of an experimental isolation of these 
two jBxst phases from one another On the somewhat uncertam basis, 
however, of an analogy with muscle one may imagme the return of the 
capacity of the nerve for liberatmg energy to correspond to relaxation 
of the muscle, and so to be accompamed by a production of heat 

SuMHAny 

1 The relation has been detenmned between the heat production 
of a nerve stimulated by a sequence of maximal induction shocks and 
the frequency of stimulation The heat production per second contmues 
to mcrease with the frequency but at a diminishing rate, the heat per 
impulse faUmg off as the mterval between stimuli gets less At a fre- 
quency of 280 shocks per second, as employed m the experiments of 
Downing, Gerard and Hill, the heat per impulse is not much more 
than one quarter of what it is at a very low frequency From the relation 
observed it is possible to calculate the heat m a smgle isolated impulse 
In frog’s nerve the initial heat for a smgle maximal impulse is about 
one ten-miUionth of a calorie per gram, and the total heat about one 
millionth of a calorie per gram 

2 From the results obtamed it is possible to calculate a curve giving 
the return of the power of liberating energy, m a nerve impulse started 
by a maximal shock, as a function of the mterval between it and its 
predecessor This curve is of a composite nature, since some of the 
fibres of a frog’s sciatic nerve take about four times as long to recover 
as the most rapid ones Perhaps for this reason the curve is verj'’ 
different from that for the return of excitabihty as detenmned for the 
most rapid fibres by a second stimulus following a first one 

3 The “total action current” (the negative vanation of the mjury 
current), as detenmned by an ordinary galvanometer for a given period 
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of stinralation, bears a relation to the frequency of stunalation vriach. 
IS very R^TTvvlaT to that shovm by the heat liberated 

4 It IS pointed out that the “initial recovery’' of nerve folloviBg 
a stunalns is probably accompanied by a liberation of energy jnst as 
the process of relaxation in mnsde is There axe probably three phases 
m nerve activity, corresponding to contraction, rel axa tion and “ delayed 
recovery” in muscle • 

5 It IS suggested that, after an impulse has traversed a nerve, 
an anaerobic recovery process (analogous to relaxation m muscle) has 
to go on, restoring the nerve to its initial condition as regards poiver of 
liberating energy, and that the absolutely refractory penod is due to 
the fact that a vrave vtU not propagate at all nnless there be a certain 
amount of energy available. 

The expenses of this research have heen home hy a grant from the Boyal Soae^ 
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THE STRETCH REFLEX AS A SPINAL PROCESS 

By D E DENNT-BROWN {Beit MeTnortal JResearch FeUotv) 
AOT) E G T LIDDELL 

{From the Laboratory of Physiology , Oxford ) 

There is an amount of evidence to show that in skeletal muscle there 
are end-organs whose adequate stimulus is stretch of the muscle (i» 2 , 7,9*, 
10 , 11 , 12 , 15a, 18 ) By their agency the muscle-fibres may be reflexly throini 
mto contraction (8, 10 , 11), and may develop a contmued active tension in 
response to continued mechamcal stretch which, it has been argued, is 
the 'Hone^^ of the muscle (6, 8) This so-called ^^stretch-reflex” ehcited bj 
stretching the muscle tendon is, in fact, “tonus m its malang”(9) The 
reflex was first mvestigated m animals decerebrated at the mtercolhcular 
level (10) As is well known, such animal preparations show a “decere 
brate ngidity” of the antigravity muscles (I 6 ) which has been regarded 
as an exaggerated tonus The presence of the stretch-reflex, however, 
was also observed m preparations whose level of transaction of the brain 
stem was 4-6 mm. m front of the anterior coUicuh In such preparations 
there is no hj^pertonus of muscle, but a normal distribution of 
tonus (4, 13, 14) In them the tension developed reflexly by the muscle m 
response to stretch is as well marked as m the rigid hypertomc muscle 

It has long been known that m some animal preparations, especi- 
ally “spmal” dogs, there is indubitable evidence of a tonic activity of 
anti-gravity muscles which depends solely on the mtegnty of nervous 
connection of those muscles with the isolated segments of spinal 
cord The “lengthenmg” and “shortemng” reactions, reflex stand- 
mg and walking, occur m these spmal preparations and are not far 
dissimilar from the activities displayed by a hypertomc decerebrate 
preparationa?, 18, 19,21,22,23,24) The knee-jerk, a reflex phasic response 
to a quick stretch or tap on the patellar tendon, is ehcitable in mtact 
animals, thalamic, decerebrate, and all spmal preparations But the 
long-la stmg tonic response to contmued stretch has not yet been re- 
corded for spmal preparations, and it became of mterest, therefore, to 
enquire whether the mamtamed stretch-reflex was ehcitable in a spmal 
preparation after the subsidence of “spmal shock (20) It has been 
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recorded ttat fleeting evidence of a positive cliajacter vras obtained even 
a fevr days after spinal transection(9), tbougb tbis was one positive 
observation among not mmnmerons negative ones In tbe present com- 
munication are related tbe findings of experiments performed on spmaV’ 
dogs two and three months after spinal transection, which showed a 
good degree of recovery from spinal shock such as the antigravity activity 
of their extensor muscles, reflex standing, reflex stepping, the extensor 
thrust (19), the lengthening and shortening reactions and Philippson^s 
crossed reflex (15) 

Method The same table with the descending top was used as pre- 
viously no, H, 8) The myograph was not dissimilar, bemg a shadow myo- 
graph of high vibration frequency of 1000 n v per sec , with complete 
damping m 2 a and magnifying the tendon-movement (on the plate) from 
105 to 240 times accordmg to the distance of the tendon pull from the 
axis of the myograph The usual ngidity of fixation of the preparation 
with drills was continued, and care taken to isolate or immobilise by 
nerve section all muscles m the neighbourhood of observation and, 
similarly, to denervate skm-flelds, as far as possible The animal pre- 
parations (dogs $) had been made some 60 to 85 days previously by 
isolation of the lower region of the spmal cord with stnct asepsis under 
profound general anesthesia The level of section was either between 
1st and 2nd or 2nd and 3rd post-thoracic roots The condition which 
was especially anticipated, viz ‘"ngidity” of the knee extensor, was 
observed withm 30 days of the section, being present as a well-defined 
“clasp-knife” ngidity "Withm another 30 days this ngidity at the 
knee became less marked until eventually it was qmte shght, though 
plainly present The gastrocnenuus muscle, on the other hand, showed 
most marked ngidity and an extreme resistance to the movement of 
flexion throughout the post-operative penod The “ lengthening reaction” 
therefore, though present, was difficult of ehcitation m the vastocruxeus 
muscle On these grounds, it was decided beforehand to observe at 
experiment primarily the effects of stretch on the gastrocnemius muscle, 
leaving the vastocrureus muscle as a secondary field of mvestigation 
The reason of the relative absence of ngidity in the vastocrureus muscle 
may have been due to impairment of its motor centre in the cord (4th 
and 5th post-thoracic) by tbe proxumty of our section, but we could 
come to no definite conclusions on this pomt The gastrocnemius muscle, 
on the other hand, m the dog does not receive innervation from any 
level higher than the 6th post-thoracic segment In this connection, it 
may be recalled that even with sections of the cord m the cervical region 

TH Lvm 



146 D E DENNY-BROWN AND EOT LIDDELL 

very marted rigidity of the ankle extenfior may occur ( (18), pp 817 and 
825) A second possible reason for the relatively weak rigidity of the 
knee extensor may have been that duniig the post-operative period all 
the preparations mamtamed an extension of the ankle and an acute 
flexion of the knee as their ordinary resting posture This chrome flexion 
of the knee may well have impaired the stretch organs of the knee 
extensor 

Results I Fig 1 shows the type of myogram obtamed as a result 
of stretching by some 4 or 5 mm. a muscle whose total length from ongin 



Myogram of paralysed muscle 

„ „ muscle inhibited throughout apphcation of stretch. 

Table fall mdicator 

Hg 1 aa\ myogram of the gastrocnemius muscle I>og 2^ months after spinal section 
2nd-3rd post-thoracio segment, stretch of 4 mm slowly applied, as shown by table 
mdicator abb, similar response to stretch inhibited by gentle pull on tendon of the 
tibialis anticus muscle (pull *‘on” | “off” f ) c, similar, with tetanic inhibition 
apphed throughout to ipsilateral postenor tihial nerve at » f The smaller response 
to stretch before onset of inhibition is due to application of electrodes to and exposure 
of the nerve (see text) 

The myograms of the muscle paralysed by nerve section and the muscle inhibited 
a6 tnifio run closely parallel Tendon movement magnified 135 times. 

to insertion is 12 to 14 cm. Its general features at once suggest that 
reflex activity of tension development which has been named the 
“stretch-reflex/’ '‘kmetic” or “phasic” during the apphcation of the 
stretch and “static” or “tome” durmg its maintenance The entenon 
of the reflex nature of the tension-development, is, as always, section 
of the muscle’s motor nerve The myogram of the muscle so paralysed 
estabhshes the fact that the great bulk of the mcrease of tension m the 
non-denervated muscle is of reflex ongm Further evidence for the 
reflex character of the process has been obtamed by tetamc stimulation 
of an appropnate inhibitory nerve Reflex inhibition so produced annuls 
the muscle’s activity down to a restmg level of tension which corresponds 
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precisely vath that of the muscle paralysed by nerve section. If the 
mbibition IS produced before the mechanical stretch is given, the 
myogram traced is agam m close correspondence mth that of the de- 
nervated muscle Even a mammal single break shock applied during the 
plateau of a stretch reflex sufficed to inhibit a reflex tension of 1250 grm. 
completely for 0 3 sec , recovery taking place m a senes of dome steps 
reaching a tension of 900 grm. m 3 6 sec Durmg the first 0 8 sec of 
this recovery, a dome step occurred approximatdy every 0 2 sec, 
during the next 0 5 sec the rate ivas twice this and subsequently four 
tunes (Fig 2) 



Fig 2> Inhibition of the stretch rehex by grpgl e break shock (10 ctiL coreless Berne coil, 
pTunaiy 2 v ) and subsequent recoverv (see text for description) Tendon movement 
magnified 15S times. Of the total tension of 2100 gnm, SoO gtnu is passive tension, 
1250 gniu active reflex tension. 


An addition to ottr data regarding the reflex nature of the responses 
to stretch would have been the de-afferentation of the musde under 
mvestigation by section of the posterior Epmal nerve-roots That factur 
has not vet been pursued There seems to be, however, a sufficiency of 
evidence m favour of the defimte existence of a stretch-reflex m “ sp innl ’ 
preparations 

n Although flexor muscles m various conditions of experiment 
respond to stretch of their tendons (2), especially to a qmck bnd stretch 
or “pluck,” by a phasic response (jerk) there has not been forthcoming 
evidence of a static or mamtamed response hr them to contmned stretch. 
Nevertheless, thev mav play an important part m progressive movements 
bv mhibitmg the extensor’s actimtv of stretch towards the end of the 
extensor phase of the step (6. lo iSa, It is known that tension apphed to 

10-2 
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a flexor muscle is able to inhi bit the stretch-reflex of a corresponding 
extensor (lO) This inhibitory action has been observed also in the present 
senes of experiments A bnef stretch or ‘‘pluck” apphed, for example, 
to the tendon of the tibiahs anticus muscle is 'well able to inhibit to 
restmg paralytic level the stretch response of the gastrocnemiiis musole 
during its kinetic recruiting stage or dunng its static tonic stage 
(Fig 1, a,6,6) 

As concerns the possibility of a flexor muscle such as the tibialis 
anticus bemg itself able m the spmal condition to maintam reflexlj 
a steady tome level of tension m response to contmued stretch, our 
condition of experiments have not shown that any such reflex is 
ehcitable The myogram traced by the tibiahs anticus muscle before 
denervation in response to a slow stretch (5 rnm m 1 sec ) differs httle, 
if at all, from that traced by the muscle after denervation The mam 
tamed or tome stretch-reflex is, m fact, accordmg to our findings, absent 
from the flexor muscle m the chrome spmal condition In one animal, 
however, there was a big response to a qmck pluck on the tendon (“pluck 
reflex”), which must be taken as evidence of a response to kmetic stretch, 
and IS an observation m agreement with previous workers m this field 

rn In one preparation which of the senes best showed the pheno 
menon of reflex wa lkin g at clmical examination, observations were made 
also on the vastoemreus muscle In the climcal exammation before the 
experiment, resistance to flexion of the knee was defimte and mamtained 
suflhciently to support the ammal’s weight, but was not so extreme in 
degree as to resist a passive flexion somewhat greater than the animal s 
weight, that is, the “lengthening reaction” was present and easy of 
ehcitation 

At experiment, it was found to give a reflex response only m response 
to a qmck stretch of 4 8 mm apphed durmg 140 <r but not to the same 
stretch durmg 350 a In the former case, there was a bnefly mamtained 
plateau, lastmg some 120 a This was even less than might have been 
anticipated from the previous chmeal exammation, but may well be 
accounted for by impairment ansmg from the unavoidable imtation 
and exposure of skm edges detenoratmg an already feeble reflex In this 
connection even the well-marked reflex response of the gastrocnemius 
muscle to stretch we found suffer from any but the most debcate hand- 
Img of skm wounds m the stimulation of nerves On one occasion, for 
instance, mere exposure of the nerve and the application of electrodes 
(without electneal stimulus) diminished the reflex stretch response of 
the gastrocnemius muscle from a tension of 1 3 Kg to 0 S Kg (see also 
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TS'ig 1) Altkougli vsre have not sufficient evidence to settle the point, our 
definite impTcssion is that, on the whole, the vastocmreus (an extensor) 
does give, after spinal transection between 2nd and 3rd post-thoracic 
segments, a bnefiy maantamed response to the kinetic period of the 
stretch which resembles the response of the tibialis muscle (a flexor) 
under similar conditions The knee-jerk response to a tendon tap of 
the vastocmreus muscle in the experiment described had a duration, 
measured from the onset to the “angle” of 95a, which is of the same 
order as the duration of response of 120 a to the quick fall of the table- 
top 

SUMilABY AND CoNOLtrSIONS 

1 The effect of stretching the tendon of the gastrocnemius muscle 
(ankle extensor) with small maintained stretches within physiological 
limits has been examined m dogs, whose spinal cords have been tran- 
sected at the level of the lst-2nd or 2nd--3id post-thoracic segments 
2-3 months previonBly and allowed to recover from “spinal shock” 
A tension develops in the mnsde winch can be inhibited down to the 
tension of the paralysed mnsde under a similar degree of stretch The 
inhibition may be brought about by stimulation of an appxopnate afferent 
nerve or by stretching gently the tendon of an antagonistic muscle, 
tibialis anticus (ankle flexor) When not inhibited the plateau of super- 
added tension contmues as long as the stretch is apphed (“tome” or 
“static” stretch reflex) It is concluded from these data that the mam- 
tamed stretch reflex exists fundamentally as a spmal process which can 
be ehcited from the spinal cord without the intervention of medullary 
or rtud-braiu centres This brings the stretch reflex mto correspondence 
with the knee-jerk (“kinetic” or “phasic” stretch reflex) as a spmal 
phenomenon, which latter, as is well known, can be elicited during the 
existence of “spmal shock ” 

2 A well-mamtained stretch reflex from the vastocmreus muscle 
has not been ehcitable m our preparations (level of spmal section, as 
above) 

3 A maintamed reflex was not ehcitable from the anMe flexor 
(tibialis muscle) (level of section, as above) 
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ADRENIN AND THE SPLANCHNIC NERVE 
By swale VINCENT akd E R CURTIS 

{From the Physiological Laboratory, Middlesex Rosfital 
Medical School ) 

It is well known that when the penpheral end of the splanchnic nerve 
in an animal under an aneesthetic is stimnlated, the blood-pressnre 
curve which one obtains is not a simple nse The initial nse of pressure 
IB followed by a “dip’’ succeeded by a return to a level ezceedmg the 
initial height of the blood-pressure, which height is maintained as long 
as stimulation is contmued This “ dip” does not occur after elimination 
of the adrenal bodies The hterature of this subject up to 1921 is given 
by Vincent and IVright(i), who considered that the “dip” is due to 
the pourmg out of minute doses of adxenm into the bloodstream when 
the splanchnic nerve is stimulated 

The discovery that very small doses of adrenin produce a fab of 
blood-pressure instead of a nse was made by Moore and Purinton m 
1900(2) These authors worked with dogs under chloroform The same 
result IB easily obtamed m animals under ether anaesthesia 

MacDonald and Schlapp(3) have recently demonstrated that this 
well-known depressor efiect of small doses of adrenin is not an essential 
and constant action of the drug m such doses, but is due to a phannaco- 
dynamical influence of the ether employed as aneesthetic We have been 
able fully to confirm these observations MacDonald and Schlapp 
affirm that this efiect is marked under ether and urethane, less marked 
under chloralose if no ether has been previously administered We are 
able to add that the efiect is readily observable when the animal is 
under chloroform There seems to he an optimum degree of ansesthesia 
at which the depressor efiect is obtamed Degrees of anaesthesia lighter 
or deeper than this result m a purely pressor efiect 

The imtial level of the blood-pressure is a matter of fundamental 
importance It has been pomted out by many observers, though it is 
frequently forgotten, that when the pressure is very low one rarely gets 
a depressor response under any conditions 

In readmg the commumcation of MacDonald and Schlapp it 
occurred to us that if the “dip” in the splanchmc curve be, in fact, due 
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to tlie pourmg out of small doses of adrenin, it would not be observed 
in tile absence of tbe ansestbetics above mentioned. We bave accordingly 



Fig 1 Cat ether Decerebrated 10 45 a m BP = carotid blood pressure S=8iguaL 
Animal allowed to blow-off ether until 1 38 pm. Before this injection of 0002 mgr 
adrenalui produced no effect. Note that 10 minutes after ether is admiiuatered there 
IB still no sign of vaso dilatation, which, however, is very marked 7 mmutes later 

earned out a nimiber of expemnents upon pithed and decerebrate cats 
and the uniform result has been that, when adrenin mjected intra- 
venously caused a vaso-dilatation, then and then only could we obtain 
the ** dip ” m the splanchmc curv^e 

It thus appears probable that m the normal mtact animal adrenin, 
even m the smaDest doses, would tend to constnet the artenoles and 
raise the blood-pressure 

From the time of the discovery of Oliver and Schafer (4) that the 
chromaphil tissues contam a pressor substance, it has been generally 
assumed that one of the functions of the adrenal bodies is to help m 
mainta inin g the normal blood-pressure One of the arguments used 
against this theory has been that any such quantities of adrenin which 
could be normally passed mto the circulation from the adrenal bodies 
would tend to lower the blood-pressure and not to raise it The observa 
tions of MacDonald and Schlapp have removed the foundation of 
this argument 

It must, however, be remembered that there are other and very 
strong objections to the tome theory The fact that extirpation of one 
gland and denervation of the other (Stewart and Ilogoff(5)) results in 
no apparent difierence m the health of the animal, even though the 
adrenm output is reduced below detectable limits, mdicates that adrenin 
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itself does not play apy important part in mamtauung tte body functions 
under normal conditions Tymg ofi or extnpatmg tbe organs does not 
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Fig 26 

Fig 2 Cat ether Decerebrated 11 a.m Posterior dissecbon of left splanchnic n^rve, 
B P = carotid blood pressure S= signal 

(a) Stimulation of splanchnic nerve followed by an injection of adrenalin. Between 
2 4 and 2 67 p m, ether was given. (6) Stimulabon of splanchnic nerve folloxred by 
an injection of adrenalin 

Note that m the decerebrate animal without anseathetic there is a simple nse of 
blood pressure on splanchnic stimulation and a nse of pressure on injection of 
adrenabn, while after tbe administration of ether the splanchnic curve shows a “dip” 
and the mjection of adrenalm produces a fall 

appreciably affect the level of the blood-pressure (Young and Leh- 
mann(O), young(7), Austmann, Halliday and Vincent(8)) It 
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seetas clear tliat it is tlie cortex and not the mednUa which is essential 
to life (Biedl(9), Wheeler and Vincent(iO)) 

SUMMABY 

1 Minute doses of adrenin injected into the circulation produce a 
fall of blood-pressure instead of the customary rise which occurs with 
larger doses, but this fall occurs only when the animal is under the 
influence of certain aneesthetics If, m pithed or decerebrate animals, 
the anaesthetic be eliminated, the depressor effect can no longer be 
observed (confirmatory of MacDonald and Schlapp) 

2 The anaesthetics which are responsible for these effects, are ether, 
chloroform, chloralose, urethane and possibly others 

3 It seems likely that small quantities of adremn normally secreted 
by the chromaphil tissues, if they produce any effect at aU on the circu 
lation, might tend to keep the blood-pressure at its normal level 

4 The “dip” m the blood-pressure curve which results from stunu 
lation of the splanchnic nerve is, like the fall of pressure which occurs 
after mmute doses of adrenm, dependent on the presence of one or more 
of the above aneesthetics When they are eluninated m the pithed or 
decerebrate animal, the “dip” disappears and the splanchnic curve is a 
simple nse Under the influence of other drugs there is a ^^hump” or 
secondary nse instead of a “dip” on the splanchnic curve The “dip 
and the “hump” m the splanchmc curve are thus due to mmute quart 
titles of adremn poured out under the special pharmaco-dynamical con 
ditions of anaesthesia, for they do not occur when the adrenal bodies are 
ehnunated 

The expenses of this research have been partially defrayed by a grant to one of iw 
(S V ) from the Government Grants CJonmuttee of the Royal Society 
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THE PHYSIOLOGICAL SIGNIFICANCE OF 
“ PHOSPHAGEN ” 

By PHILIP EGGLETOH 

AM) GBACE PALilER EGGLETOY {Gilchrist Research Student) 

{From the Department of Physiology and Biochemistry, 

TJnitersity College^ London ) 

a Tecent publication (i) 'vre bave descxibed metbods for tbe detection 
and estimation in muscle tissue of an organic pbospbonc acid derivative 
bitberto undescnbed- Tbis substance is of tbe nature of a bexosepbos- 
pbate (unpublisbed results) It bas previously escaped observation by 
virtue of two remarbable cbaractenstics it is bydrolysed vutb great 
rapidity m acid solution, yielding morganic pbospbate, bence tbe estima- 
tion of morganic pbospbate by tbe metbods of Embden(3) or Briggs(2) 
(which mvolve the use of strong mmeral acids) leads to its complete 
destruction, and the estimation of its pbospbonc acid radicle as “m- 
orgamc”, m the second place, mcubataon of a chopped muscle in the 
presence of duonde leads to the conversion of this substance into some 
acid-stable form bor this reason Embden failed to detect it m bis 
method for isolating tbe bexosepbospbates of ninscle(i2), masmncb as 
tbe first stage of bis preparation was an mcnbation with fluonde (to 
mcrease the peld of ‘‘lactacidogen ’) 

This substance bas been designated “pbospbagen,’’ smce it appears 
to be tbe precursor of morgamc pbospbate m tbe muscle It should not 
be confused with Embden^s “lactacidogen,” which is very resistant to 
hydrolysis by mmeral acids in the cold. Phosphagen appears to he of 
special importance to the functionmg of voluntary muscle The muscular 
Inung of the frog’s stomach contains so httle that we cannot estimate 

It The heart muscIecontamsahttlepho5phagen,butishaxdly comparable 

m this respect with skeletal muscle (Table I) 

Table L 

Stomach Heart Gastrocneimtis 
Inc»rgamc phosphate 20 20 25 

Phosphagen 0 5 55 

The results are given as mg of phosphorus per 100 grm. of tissue In this, as m other 
tables the phosphagen figures refer to the “labile^ phosphorus of the molecule. 
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We have examiaed. the behaviour of phosphagen in muscular con 
traction and recovery, using for the purpose the gastrocnenuuB muscle 
of the frog {R temporana) Fatigue induced by a %-A: minute tetanus 
results in a disappearance of the greater part of the phosphagen of the 
muscie, Tvith the simultaneous production of morgamc phosphate, lactic 
acid, and a substance (or group of substances) as yet unidentified, which 
contains phosphoric acid in an acid-stable combination Table II gives 
the results of some experiments of this type 


Table IL 


E3q)enment 

(nature of tetanus) I 

Phosphagen 

A 

Inorgamc phosphate 

LaoUc acid 

A 

before After 

Fall Before 

After 

Rise 

r 

Before 

After 

Ri*e 

IJ mm. m air, direct stimu 
lation, secondary coil at 
X2-10 om 

40 

17 

23 

38 

48} 

10} 

38 

130 

92 

2 mm. m air, stimulation 
through nerve, 0 cm. 

69J 

24 

36} 

28 

49 

21 



— . 

— 

2 mm m Nj, direct, 24- 
10 cm. 

47 

17 

30 

33 

51} 

18} 

87 

190 

103 

3 mim in air, stimulation 
through nerve, 10 cm. 

55 

25} 

29} 

26} 

45} 

20 

96 

194 

98 

3 mm m an, stunulation 
through nerve, 0 cm 

66} 

21} 

34 

27} 

46} 

19 

. — 


— 

4 min, m air, stimulation 
through nerve, 0 om 

66 

23 

33 

28 

46 

17 





— 


Effect of rapid fatigue The primary circmt of the Btunolatmg coil contamed one 
2 volt accumulator (Results are given as mg per 100 grm of muscle, of phosphorus aud 
lacho acid respectively ) 


It Will be seen from these results that the disappearance of 30 mg 
of phosphagen-phosphorus is accompamed by the appearance of about 
20 mg of morgamc phosphorus and about 100 mg of lactic acid These 
figures are suggestive of the glycolysis of a hexosediphosphate, accom- 
pamed by the re-synthesis of part of the morgamc phosphate into some 
compound other than phosphagen Even so, the lactic acid production 
IS shghtly excessive, but the discrepancy might be attnbutable to some 
cycle leading to the re-formation of phosphagen, and the subsequent 
breakdown of this, with the production of more lactic acid Some support 
18 given to this view by the results m Table III In these experiments 
the tetanus was broken up and spread over a longer time m order to 
facihtate any such anaerobic cycle The result was a much greater pro 
duction of lactic acid, with very httle alteration in the amount of 
phosphagen used up or the amount of phosphate hberated 
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TabixIIL 

Phosptiageii InoTgamo phosphate Lactic acid 


Expemnent 

Before After 

FaU 

Before After 

Bise Before After 

Rise 

10 sec, tetanus, 30 sec. rest 
(each 16 times), 2 volt, 
10 cm. indirect 

63 

214 

3U 

23 

51 

28 

60 

256 

106 

6 16 30, 2 volt, 14 cm. 
direct 

50 

10 

40 

29 

60 

31 

66 

256 

100 

B 15 36, 2 volt, 10 cm. 
direct 

37 

2 

35 

41 

69 

28 

57 

263 

206 


Effect of discontjnuonfl Btuuulatioii (m nitrogen) 


It could certainly l)e argued that the lactic acid producUou is a 
process independent ot the phosphagen disappearance, hut the 'work of 
Meyerhof(4), on the fermentative properties of muscle extracts, leads 
one to suspect a connection There can, however, he httle doubt as to 
the intunate relationship between the morgamc phosphate and phos- 
phageru It a fatigued muscle (tetanised for about 3 minutes in nitrogen^) 

IS exposed to an atmosphere of oxygen, it rapidly regenerates the phos- 
phagen which had been lost during the tetanus At the end of an hour 
most of the phosphagen has been replaced, and an exactly equivalent 
amount of inorganic phosphaie has disappeared Dunng this time only 
a very small amount of lactic acid is removed The results of five such 
experiments are quoted m Table IV 

Table IV 

Phosphagen Inorganic phosphate Lactic acid 

_ - - - ^ ^ ^ - 

Expenment Before After Kise Before After Fall Before After Fall 

30 nun. at 16° 5 22^ 17^ 70 621^ 17^ — ^ _ 

60 „ 16° 11 32 21 62 4l' 21 194 169 25 

40 , 4° 61 4H 35 65 30 35 — ^ _ 

50 , 4° 7 46 39 65 26^ 384 — — _ 

60 4° 15i 361 21 56 35 20' 164 162 12 

Effect of recoverv in oxygen. The mnsdes had been tetaniaed for 2-4 minutes m 1?, 

Although a comparison of Table m mth Table If leads one to suspect 
the existence of a cycle mvolving glycogen, phosphate, and phosphagen 
m the production of lactic acid, yet rve have found no direct evidence 
of any anaerobic recovery leadmg to an mcrease m the phosphagen 
content of a muscle TlTiether restmg or fatigued, a muscle placed m 
mtrogen always tends to lose its phosphagen (Table V) o 

* The mtrogen used m all our experiments eontamed about 1 p c. of oij-gen. In -neir 
of the recent work of Furusaivn and Hartree(6) this fact may gnbscqnenUv assume 
importance 
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Table V 

Phosphagen Inorganic ptoaplvatc 

^ _ 

Experiment Before After Fall Before After Rise 

Beating muaole (18 hours 16°) (66) 10 (45) (26) 63 (38) 

Fatigued muacle (1 hour 16°) 16 8J 64J 70J 6 

Fatigued muscle (1 hour 16°) 16J 6 9J 69 77 18 

Effect of anaerobioais on resting and fatigued muscles The mitial condition of the resting 
muscle was not determmed average values have been insertedL In this experiment the 
lactic acid rose to 636 mg p o 

Exjpenviental 

The gastrocnemius muscle of the frog {R temporana) was used 
throughout this work The muscle was dissected away from the bone, 
with the sciatic nerve attached if required We have satisfied ourselves 
that the slight m]ury necessitated at the ongm of the muscle by this 
techmque has no serious effect on its subsequent behaviour Where it 
was desired to obtam a close approximation to the theoretical “resting 
condition/’ the frogs were previously cooled for a few hours in a room 
at 0° Stimulation (either direct or via the nerve) was apphed through 
platmum electrodes from a small mduction coil set to give a maxinial 
stimulus (as judged by the response of the muscle, which was always 
allowed to contract freely) It was found convement, though not essen 
tial, to use hqmd air for killing the muscles Where one gastrocnemins 
was used as a resting control on its oompamon, it was mamtamed under 
the same conditions of temperature and atmosphere as its stimulated 
compamon, and the two were immersed simultaneously m hqmd au 
In cases where lactic acid was estimated, batches of four to six frogs 
were used m each experiment, but m most other cases the measurements 
here recorded were made on the muscles of a single frog 

In testing the effect of recovery m oxygen, the muscle pairs were 
stimulated m parallel on the electrodes One muscle was immediately 
kiUed m hqmd air, and the other suspended m moist oxygen at a pressure 
of 80-100 cm of mercury 

The removal of proteins was m all cases effected by grmding up the 
tissue m 4 p c tnchloracetic acid The method of estimating phosphagen 
and morgamo phosphate has been outlmed m a different pubhcationCf) 

It IS a modification of the Bnggs techmque, which m its ordinary form 
does not discnmmate between the phosphagen and morgamc phosphate, 
owmg to the rapid hydrolysis of the former Lactic acid was estimated 
by a modification of the Clausen techmque (O), suggested to us by 
Prof Meyerhof This modification is based on the fact that no aeration 
IS necessary m the Clausen distillation if certam precautions are taken 
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Discussion 

There is present in the skeletal muscles of the frog an organic phos- 
phorus compound which has hitherto been confused with inorganic 
phosphate, owing to its rapid hydrolysis m acid solution to phosphoric 
acid There may be more than one such compound, but the hypothesis 
of a smgle compound is sufficient to explam the available facts We 

I1CIV6 glVGH tllG ll£lItL6 ** pllOSpllEgGIl tK) tlUB 8lll)StSrIlC6 

The results quoted m this paper establish the fact that muscular 
contraction is accompanied by the removal of phosphagen, and subse- 
quent recovery m oxygen is charactensed by a rapid restitution of the 
phosphagen— a phase of recovery apparently mdependent of the rela- 
tively slovr oxidative removal of lactic acid ('? ) It is of mt erest to consider 
the possible relationship between phosphagen, inorganic phosphate, and 
lactic acid But it must be remembered, m the first place, that we can 
estimate phosphagen only in terms of its exceedingly labile phosphate 
radicle the molecule may contain phosphate radicles more resistant to 
acid hydrolysis In the second place, we have no knowledge of the nature 
of the orgamc part of the molecule'*' Out of the several possibilities we 
put forward the following scheme, which has the advantage of simpbcity 

(a) Phosphagen Lactic acid + Inorgamc phosphate 
{b) Inorganic phosphate -f Glycogen X 
(c) X Phosphagen 

Reference to Table II shows that part of the labile phosphagen- 
phosphorus which disappears m fatigue is not accounted for by the 
inorganic phosphate which is hberatecL In the scheme above tbis un- 
identified product has been labelled X, and is represented as bemg formed 
at the expense of morgamc phosphate, and not directly from phosphagen 
X may be identical with Embden^s lactacidogen These three reactions 
form a cycle of changes, which, if properly balanced, leads simply to the 
conversion of glycogen into lactic acid By imagining one of these re- 
actions to be temporarily accelerated, as by electrical stimulation or 
changes m the oxygen supply, the observed effects can be dupbcated 
It IS endent that this view of the function of phosphorus m the 
metabolism of striated muscle affords an mdependent confirmation of 
the conclusions of Meyerhof (4), m his recent studies of the fermentation 
processes in muscle extracts 

» Ucocnt utvpubUaKeU work on the liwlation of phosphagen shows that it is a 
hc^o-omonophoaphonc ncid, though some doubt attaches to the nature of the heiose 
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It IS premature at this stage to review the existmg hteratore m tie 
hght of this new discovery, but it is necessary to emphasise the fact 
that all work based on the methods of Briggs (2) or Embden{3), m 
volving the use of strong romeral acid for the estimation of phosphate, 
becomes of doubtful vabdity We have found phosphagen in the skeletal 
muscles of the tortoise, rabbit and gmnea-pig, and from an examination 
of the work of Beattie and Milroy(8), Andrews (9), and others, we are 
strongly inchned to suspect the presence of phosphagen m the muscles 
of cats and dogs The sudden mcrease m the morganic phosphate content 
of the blood of athletes durmg a short severe spell of exercise (lO), and 
the mcreased excretion of phosphate xmder similar conditions (U), 
becomes easdy exphcable on the assumption of the presence of phos 
phagen m human muscle 

The “synthetic’’ effect of fluonde on mmced muscle will be the 
subject of a separate communication, but a passmg reference will be 
of interest Phosphagen disappears from a bicarbonate suspension of 
mmced frog muscle, whether fluonde is present or not but m the former 
case it gives nse to no morgamc phosphate It is only necessary to 
suppose that fluonde completely inhibits reaction (c) m our scheme in 
order to explam these facts In the absence of fluonde the complete 
cycle can be effected, though reaction (a) obviously predominates 

, SuMALiBy 

1 There is present in the gastrocnemius muscle of the frog an 
orgamc denvative of phosphoric acid, hitherto undescnbed, which takes 
a part m the chemical mechanism of contractihty This substance has 
been designated “phosphagen ” 

2 The amount of this substance m a restmg gastrocnemius, measured 
m terms of its labile phosphorus, is about 55 mg pc In the cardiac 
muscle there is only about one- tenth of this amount m the muscular 
coat of the stomach none has been detected 

3 A gastrocnemius tetanised for 2-4 minutes electrically (either 
directly or through the nerve) loses most of its phosphagen About two- 
thirds of the labile phosphorus which has disappeared is accounted for 
by the appearance of morgamc phosphate The simultaneously produced 
lactic acid bears a ratio to the phosphagen phosphorus lost of rather 
more than 1 molecule per atom of phosphorus 

4 In a more slowly fatigued muscle (in mtrogen) the lactic acid 
production is considerably greater, whilst the phosphagen disappearance 
and the phosphate formation are about the same 
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5 No restitution of piosphagen can be observed under anaerobic 
conditions, but in tbe presence of oxygen pbospbagen rapidly reappears, 
and an exactly equivalent amount of inorganic pbospbate is lost 
Dunng this tune there is very httle removal of lactic acid 

The expenses of this Tvork were defrayed hy a grant from the Medical Research CotmciL 
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A SOURCE OF ERROR IN MEASUREMENT OF THE 
CIRCULATION RATE BY HENDERSON 
AND HAGGARD’S METHOD 

By H BARCROFT, 

Yi7\iner EzhtbUtoner, King^s College, Cambridge 

(F rom the Physiological Laboratory, Cambridge ) 

In this paper an attempt is made to subject the ethyl iodide method (i) 
to a more rigorous analysis tban is at present to be found m the hterature, 
and it shows that the results which the method gives may be 20 to 30 p c 
too large A second error of quite a difPerent nature is pointed out 
qualitatively, and makes it doubtful whether circulation rates deter 
mined by this method are proportional to those actually measured m 
pathological cases 

When discussing the alveolar aar m the lung at any given moment 
two problems at once anse 

(1) Are the different lobes of the lung uniformly ventilated with 
regard to their blood supply and, if so, is the alveolar air of the same 
composition at the apex and base and everywhere else^ 

(2) Is the air m the atnum and its atr-sacs, m other words, m the 
smgle alveolar group, completely mixed^ 

Krogh and Lindhard{2) have put forward evidence to show that m 
normal mdividuals the answer m both cases is ^‘yes/’ and that the error 
due to unequal ventilation is, m both cases very small The paper is 
divided mto two parts, m the first these two assumptions have been 
made and are supported by the data to which reference has aheady been 
made 

I By taking mechamcal samples of alveolar air at different known 
tunes during a normal expiration Krogh and Lindhard(3) have deter- 
mmed the relation between the tension of carbon dioxide and oxygen m 
the lung and the time during the expiratory phase of the respuatory 
cycle A curve for carbon dioxide tension, together with a curve for the 
spirometer readings m the same expenment, is here reproduced from their 
paper (Fig 1) Krogh and Lindhard assumed that during inspiration 
the tension of carbon dioxide falls off to the imtial value m a straight 
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hue This assumption cannot he supported hy experimental evidence, 
as It is not possible to take alveolar samples dnrmg inspiration, but a 
calculation to foUow shortly vnR show that this assumption is not far 
from the truth, but this is not always the case 



Fig 1 Above Bpirometer readings m ac. Below percentage of carbon 
dionde m the alveolar air Tune m mmntes as abscissa 

Suppose now that the subject in Krogb aud Lindbard’s experi- 
ment IS breathing through a Henderson mechanical sampler for alveolar 
air> m which the last few c c of each expiration (10 or less) axe collected, 
and that he is breathing m exactly the same way as in Krogh’s expen- 
ment, it will then be possible to read off on the graph the tension of 
carbon dionde m the mechanical sample in the following way The dead 
space of the subject J L , together with the mouthpiece used, has been 
accurately determined as 150 c c , and therefore the air which is in the 
sampler will be m the lung of the subject when 150 c c still remains to 
be expired The tune at which the last 150 c c is still to he expired is 
read off from the spirometer curve and the alveolar carbon dioxide 
tension at this time will be the tension in the sampler (5 6 p c COg) 
The average tension or percentage of carbon dionde can be found from 
the curve by a graphic method, and is shown by a hne parallel to the 
abscissa drawn m such a way that the area enclosed by the part curve 

11—2 
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above it is equal to tbe sum of tbe areas between it and tbe curve at 
each end These are drawn m black m tbe diagram and show that for 
this curve tbe average alveolar percentage will be 6 38 p o carbon 
dioxide It will at once be seen tbat tbe average alveolar tension and 
tbe tension m tbe Henderson mecbamcal sampler are different and that 
if tbe venous pressure and COg output for tbe subject were known the 
calculation of tbe circulation rate by tbe Fick method for carbon dioxide 
would be different if one took as values for tbe arterial carbon dioxide 
tension tbe average alveolar tension or, on tbe other hand, tbe tension in 
tbe Henderson sample Tbe following table, takmg normal but fictitious 
values for tbe venous tension and tbe output, shows tbe order of magni 
tude of this difference for this experiment and also for another in which 
Krogb and Lindbard give tbe carbon dioxide curve for the subject 
doing work on a bicycle ergometer 

Table L Cmrolation rate calculated by tbe Fiok method from carbon dioxide data 
The arterial carbon dionde tension determmed by the Henderson method 

From tension during 
From “average expiration of 

alveolar” tension last 10 c c. Error 

Rest 6 litres 7 2 btrea 20 0 p a 

Work 16 20 2 34 6 

In the case of tbe work experiment tbe spirometer curve was not 
given, and tbe dead space could not be allowed for, but it is probable that 
even if this was taken mto account tbe order of tbe error would not be 
changed very much 

There is one other assumption m this calculation which is not justified, 
and it IS tbat tbe average alveolar tension for tbe time curve is tbe same 
as tbe average tension to which the blood is exposed This would only 
be true if tbe blood flow through tbe lung durmg respiration was per- 
fectly regular, which is not probable , only if the tension of carbon dioxide 
at different times was plotted against the fluctuations m blood-flow and 
the average of this curve taken would the true average alveolar tension 
to which tbe blood was exposed be obtamed 

Further work by Krogb and Lindbard (4) gives data for calculating 
not only tbe fluctuations m tbe blood-flow through the lung during a 
smgle respiration, but also for calculatmg tbe actual curve for the ethyl 
iodide tension m tbe lung durmg any of their experiments Hence for 
seeing bow far the circulation rate obtamed by takmg the Henderson 
mecbamcal sample would differ from the real circulation rate calculated 
from tbe average tension of ethyl iodide to which the blood was exposed 
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Three of these calculations were made, one is given here in detail together 
with the conclusions drawn from the other two 

The data taken from the first of Krogh’s rest experiments and used 
m the calculation are given in Table 11 


Tabiie IL 


Time from 
begm 
nmg of 

Spirometer 

reading 

Oxycen 

mttie 

Carbon 

dionde 

output 


Inspired 

expiration 

c,c 

0.0 

0.0, 

Initial values 

air 

0408 

440 

86 

16 8 

Lung vol- 4140 c.o 



1070 

1020 

32 7 

29 0 

0, p c 16 8 1 in 

0* 21 79 p 0. 

1770 

1020 

48 9 

315 

> alveolar 

COi pc. 4 81 air 
Dead space 160 c c. 

CO, 0 p c. 

2320 

0 

67 9 

62 8 



Fig 2 Spirometer readings Absmssa tune as 
Ordinates stow the spirometer readings in c 


a percentage of the total time for the cycle 
a at the end of each of the ten penoda. 


Curves for the spirometer readings (Fig 2) for the oxygen mtake and 

the carbon dioxide output (Fig 3) are draivn directly from the taWe 
The spirometer reading is given m Table H as 1020 c c at two eon 
secutive times and between these two times the dead space is explTd 
and agam mspircd, this part of the curve is extrapolated and^^he 
general form of the curve is well known the errors wiU not be very largt 
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the dead space of the subject had been previously accurately determined 
as 160 c c 



Fig 3 AbsciBsa time m percentage of the total time for the cycle. Above — ordinate 
c a of carbon dioxide given off m the long from the blood. Below — ordmate c,o of 
oxygen absorbed by the blood m the long 

The tune is expressed as a percentage of the total tune, 0 232 minute, 
and each abscissa is divided into ten equal parts Knowing these three 
curves, and the fact that the volume of the lung at the commencement 
of the expiration was 4140 c c , the volume of au m the lung at the 
end of each of the ten periods is calculated It is the volume at the 
beginning of the penod + or — the tidal air, + the carbon dioxide 
added from the blood during the period, — the amount of oxygen 
absorbed mto the lung during the period Thus the volume at the end 
of the first period wiH be 

4140 — 260 (air expued) + 10 (CO 2 added) — 6 (O 2 absorbed) = 3885 c c 
These values are shown m Table HI m the first five columns 

The percentages of oxygen and carbon dioxide m the alveolar au at 
the start are also given and the mitial volume of air m the lung is 
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Total 

volume Po 
of centage 
carbon carbon 
dioxide dioxide 
m in 

hmg hmg 

1985 48 

196 6*05 

19225 6275 

185 25 5*435 

178 25 5 575 

17125 6*65 

168*0 6 68 
168 5 5 71 

179 25 6*50 

187 25 6075 

197 75 4 81 

kaovm, so the total quantity of carbon dioxide and of oxygen present 
in the Inng at the begmmng of expiration is known, these are shown in 
the first row of figures in the table The quantity of oxygen and carbon 
dioxide m the lung at the end of each of the ten penods can be calcu- 
lated in exactly the same way In the case of oxygen it wiU be the 
initial quantity + or — the quantity m the tidal air, — the quantity 
absorbed by the blood The only difference m the carbon dioxide calcu- 
lation IS that the quantity of carbon dioxide leaving the blood is added 
to the initial volume instead of subtracted Thus the volume of o:^gen 
in the lung at the end of the first period will be 15 8 p c of 4140 == 655 
(imtial volume) — 4 75 (absorbed) 15 8 p c of 260 = 41 (entered with 
tidal air), and the final figure is 

655 — 4 -1- 41 = 610 c c 

The ratio of the total quantity of oxygen or COj left m the total 
volume of the lung at the end of the period gives the percentage of the 
gas at the end of the period, and for oxygen in the example above is 

X 100 = 15 7, these percentages are given m columns 8 {0^ and 
11 (CO^) All the data are now available for the calculation of the total 
quantities of carbon dioxide and oxygen m the lung volume at the end 
of the next period and so on till the end of expiration. At the start 
of inspiration the dead space will be re-breatbed and this is allowed 

for thus in period 8 the first 310 c c of inspired air enter the lung 

this 13 composed of 150 cc dead space air and 160 cc inspired on 
The dead space air is assumed to have the same composition as it had 
when It left the lung in the previous penod, in this case for oxygen 
U 53 p c and for carbon dioxide 5 71 p c Values for the composition 



Air 

added 


from 

ox sub- 
tracted 

absorbed 

«tart m 

by 

m each. 

Dcrcentage 

breath- 

penod 

of 

mg from 
Hg 2 

from 

total 

Fig 3 

0 

0 

0 

10 

-260 

- 475 

20 

-240 

- 625 

30 

-240 

- 725 

40 

-200 

-UO 

50 

-160 

- 8-0 

60 

- 70 

- 50 

70 

0 

- 45 

80 

-(-310 

- 5-0 

90 

+430 

- 7 75 

100 

+430 

- 925 


tabix hi. 


Orbon 

Lung 

Oxygen 

xemoved 

or 

dioxide 

volume 

added 

added 

at end 

in 

from 

of 

breath 

Hg 3 

penod 

mg 

0 

4140 

0 

+10 

3385 

-41 

+ 825 

3847 

-38 

+ 5*5 


•-37 

+ 40 

3198 

-81 

+ 225 

3032 

-23 

+ 0*76 

2958 

-10*5 

+ 0*5 

2954 

0 

+ 325 

3266 

+22-0: 

+ 825 

3696 

+35*0 
+93 5 

+10-25 

4127 

+93 5 


Caibon 


Total 


dioxide 

volume 

Per 

left 

of 

ccntage 

or added 

oxygen 

in 

oxygen 

m 

m 

breath- 

lung 

lung 

ing 

655 

15 8 

0 

610 

157 

-12 5 

567 

15 55 

-12*0 

522 5 

15 35 

-12 6 

480*5 

15*03 

-11*0 

4495 

14 82 

- 9*0 

434*0 

14-65 

- 4*0 

429 5 

14 53 

0 

4815 

1476 

+ 75D 



0 

567 5 

16 33 

0 

652*0 

15 80 

0 



168 


E BAROROFT 


of the mspured air used m the experiment are to be found m Table 11 
The percentages of oxygen and carbon dioxide m the lung at the end 
of the different periods have been plotted m Fig 4 and agree well with 
the values found by experiment by taking automatic samples at known 
times, as can be seen from the curves 



Fig 4 Abscissa time as a percentage of the total tune for the cycle Above — ordinate 
percentage osygen content of the alveolar air Below — ordinate percentage carbon 
dioxide content of the alveolar air 

O Calculated. + Experimental values, Krogh and Lindhard. 

Nothmg more is claimed for this calculation than this, that the 
agreement between the actual and calculated values for the percentages 
IS close enough to establish the fact that for this particular expemnent 
(and not necessarily for any other) the ratios of the total quantity of 
carbon dioxide or oxygen left m the lung at the end of the different 
periods to the lung’s volume at the end of these periods is correct for 
these give the points on the curves directly if this be admitted it 
follows that, as the volumes for the lung at the end of the penods are 
taken directly from the data and represent the actual volume of the Jung 
the tensions calculated must also be the actual tensions It is therefore 
claimed that correct values for the quantity of mtrogen could be worked 
out for this expemnent with equal accuracy, or if any other gas was added 
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in a quantity, ■whicli, compaied to tlie total lung volume vras negligible, 
its peicentage curve could be worked out correctly 

The couceutratious oi ethyl iodide for use m deteruuniug the cixculu- 
tion rate are made up using 0 3 cx of liquid iodide pec 100 litres of 
air, and so, assuming roughly this dilution for the quantity in each litre 
of air m the lung during an ethyl iodide experiment, 0 5 c c of iodide 
vapour per litre is approximately the amount m the lungs of a subject 
at the start of expiration, this is slightly on the high side The volume 
of this compared with the volume of air m the lung is quite negligible 
In this particular experiment 2 0 c c of ethyl iodide is assumed to be 
present m the lung of J L at the beginning of bis expiration, and during 
the expiration it will be diminished by quantities which leave in the 
expired air and in the blood 

By reference to the oxygen curve m ¥ig 4 it will be seen that the 
lowest oxygen percentage reached is 14 42, which represents a tension 
of 109 0 mnu of oxygen, and the hipest is 15 8 p c , which represents 
a tension of 120 mnu Using as constants m Hill’ s formula for the 
relation between the percentage saturation of the blood and the tension 
on oxygen to which it is exposed E! = 0 0028 and n == 2 5, it follows 
that for the highest pressure the blood will be 97 8 p c saturated 
with oxygen and 97 3 fox the lowest, and the average about 97 6 This 
difference is so small that the saturation has been assumed to be 
constant at 97 6 p c , and as the venous pressure wdl also be constant 
the blood-jlow trifl be proportional to the oxygen consumption This is so 
near the truth that, with the value fox the circulation rate given below, 
the highest oxygen tension represents the quantity of blood flowing 
through the lungs dunng the first period as 0 59 p c too low, and the 
lowest tension, found m period 7, will represent it as 0 59 p c , the 
same quantity too high These errors have not been taken into acconnt 
Any total blood-flow for one respiratory cycle may be assumed for 
this calculation, but once fixed the oxygen venous pressure is fixed 
too Here the values taken are to be found m column 2 of Table IV 
and the total flow is 1360 c c , twenty times the oxygen consumption, 
similarly, the blood-flow during each penod will be twenty tunes the 
oxygen consumption for the penod The ratio of the concentrations of 
ethyl iodide m the aheolar air and m the blood at any time is deter- 
mined by a distnbution coefficient K, which has here been taken as 2 
The quantities of ethyl iodide leaving durmg the penod m the expired 
air (alv p c x air expired, Table IV, column 5) and m the blood 
(ah pc xKx blood-flow, Table lY, column 4) are calcnlated in just 
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Table IV 


lime 

Blood 

flow 

Kyi 

blood 

flow 

Quantity 
of ChHfil 
absorbed 
by the 
blood 

Quantity 
added or 
taken 
away by 
breath 

Total 
quantity 
in the 
lung 

0 

0 

0 

0 

0 

2 000 

10 

96 

190 

- 092 

- 126 

1 782 

20 

105 

210 

- 096 

- 110 

1 676 

30 

160 

300 

- 130 

- 104 

1 342 

40 

220 

440 

- 174 

- 079 

1 089 

60 

160 

320 

- 109 

- 054 

0 926 

60 

100 

200 

- 061 

- 021 

0 844 

70 

90 

180 

- 052 

0 

0 792 

80 

100 

200 

- 054 

+ 040Z) 

1010 

90 

165 

310 

- 096 

+ 232 
+ 620 

1 634 

100 

186 

370 

- 164 

+ 620 

2 000 

Total 

Tsgo 

Total 

-1017 

0*1446 p c, CjiHgl m m 


Percentage Percenta 

c,H,r 

blood 

in lung 

flow 

0484 

0 

0169 

7*0 

0432 

14 7 

0395 

258 

0341 

419 

0305 

63 7 

0285 

61 1 

0268 

67 7 

0310 

76 0 

04166 

864 

0484 

100 


the same way as those of oxygen or carbon dioxide m Table III 
During inspiration the quantity m the inspired air is found by trial and 
error and is the amount that the inspired air must contam for the total 
amount of ethyl iodide m the lung at the end of inspiration to be the same 



Fig 6 Absdflsa blcKxi Aott as a percentage of the total blood flow for the cycle. Ordxnate 
percentage of ethyl iodide m the alveolar oir in the long 
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as It was at the beginning of espiiation 2 000 c c The curve for the per- 
centage of ethyl iodide in the long danng this cycle is plotted in Fig 5 . not 
against tune, as m the previous curves, but against the percentage hlood- 
flou- (Table IV, coL 8) through the lung The average tension of ethyl 
iodide to vrhich the blood is exposed is calculated graphically as before and 
isfoundtoheO 0383pc TableIV,coluinn4,shovrsthatthetotal quantity 
of ethyl iodide absorbed into the blood d uring the respiration is 1 OIT c c 
and these data are sufficient to calculate the circulation rate for 

f|n nrititv of ethyl iodide absorbed m given tune 

CrrcxilatlOIl rate — distribution coeffiaent x averagt tenaon. durmg the time 

1-017x100 
~ 2xOK)aS3 

= 1362 c c 

Tins checks exceUently tntiL the value 1360 c c which was the blood-flow 
assumed and is a credential for the accuracy of the calculatioru 

All the data are now here for reading ofi the circulation rate which 
would be given by the Henderson apparatus taking samples of the last 
10 c c of expiration only Ptefemiig to Pig 2, the spirometer curve, it 
will be seen that when 150 c c , the dead space, has still to leave the 
lung (Pig 2, dotted line) 44 p c of the duration of the cycle has elapsed, 
44 p c of the duration of the cycle represents an oxygen consumption 
of 32 5 c c (Fig 3, dotted line), and this is 47 S p c of the total oxygen 
consumption, 68 c c , but the oxygen consumption is proportional to 
the blood-flow and the percentage of ethyl iodide in the Henderson 
mechanical sample shown by Pig 5, dotted line, is 0 032 

Circulation rate for the cycle obtamed by Henderson sampler = 

= 1590 c c 

The actual circulation rate, however, was 1360 c c , and this is an error 
of 16 9 p c , and, correspondingly, the apparent circulation rate per 
mmute will be 16 9 p c too high, 6 85 litres instead of 5 86 

The summary of two other calculations, the second bv a sbghtly 
different method, is given m Table Y 


Table V 


Data from Table IV, p 269, BtochtmtAche 59 


Time m minutes 

Calculated oxvgtn percentages 

Exp^nmental oxvpen prreenta^ 

Cir^htiou rate a^yamed 

Averac^ blood tensoa circulation rate 

Hendersem tnelliod cmrulation rate 


(HWS 00213 OU336 

17-08 16-22 15-29 

16 96 16 14 15-29 

16 120 litres per nutu 
16 200 
19 950 


1914. 

OU421 — 

14-6 -- 

14 6 — 

Error 
0-495 p,c. 
237p.c. 



172 


H BARCROFT 


Table V, conid. 


Data from Table VII, p 270, Biochtmische ZtxtscJinfi, 69 1914 


Time m minutes 

Calculated oxygen percentages 

Experimental oxygen percentages 

Cirralation rate assumed 

Average blood tension circulation rate 

Henderson method circulation rate 


0 0089 

0 0132 

0 0242 

0 0400 (HUTS 

16 14 

14 86 

14 13 

12 42 12-03 

16 17 

14 87 

14 13 

12 42 12-03 


19 730 


Error 


19 400 


167po 


26 400 


33 7pc. 


In both, cases the error is very much larger, 23 7 p c and 33 7 p c 
Too much faith cannot be laid on the second calculation for the oxygen 
tension here drops below 100 mrn (91 mm ) for the end of expiration 
and the rebreathing of the dead space, and this fact renders it untrust- 
worthy both for the present purpose and for the purpose it is used for in 
Krogh^s paper ^ The calculated and experimental oxygen tensions, and 
also the circulation rate calculated from average blood tensions, are 
given in the tables as checks for the calculation 

Some recent experiments of Prof Henderson’s(6), in which the 
writer was a most mterested assistant, show that the average quantity 
of ethyl iodide m Haldane^Pnestley samples taken at the end of mspum 
tion and expiration agrees very well with the concentration in the auto- 
matic sampler, and Henderson concludes that the mechanical sample 
represents the average tension of ethyl iodide throughout the respiratory 
cycle Krogh and Lindhard(6), however, show that the average of two 
Haldane-Pnestley samples, one taken at the end of expiration and the 
other at the end of inspiration, is higher m CO 2 tension and lower m 
oxygen tension than the true average for those gases, the reason for this 
bemg that the takmg of the Haldane-Pnestley sample takes quite finite 
tune and as the tensions of the gases are always varying rapidly with 
the tune they will have changed dunng the takmg of the samples 
Each sample will contam less ethyl iodide than was present actually 
at the end of inspiration and expiration This explains the agreement 
Henderson finds between the automatic sampler tensions and the 
average of two “ Haldane-Pnestleys ” 

II The second source of error hes m the fact that certainly m some 
pathological cases, and possibly m some normal cases, it may not be 
justifiable to assume that the ventilation is proportional to the blood 
supply The capillanes to some of the alveoli, or some of the capillanes 
to some of the alveoh, may be shut ofi On the other hand, some of the 

1 Subsequent calculation, however, showB that at the tune when the tension is hjgh«t 
the circulation rate given wiU be only 2 86 p c too low and for the lowest tension it wil 
only be 1 49 p c too high 
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alveoli may be closed oi damaged so that then ventilation is not the 

same as the other parts of the Itmg 

Suppose that the capillaries to some of the alveoh are shut, and, taking 
an extreme case, suppose that the vrhole of the artenal supply to one 
lung IS cut off The air inspired mto this lung 'wiU not be able to get nd 
of any of its ethyl iodide, and during expiration this inll be mixed ‘with 
the ethyl iodide coming from the other normal lung, and the resulting 
mixture mil contam more ethyl iodide than the alveolar air in equi- 
hbnum vrith the blood, hence the quantity of ethyl iodide absorbed is 
being divided by a quantity mhicb is too great and the real circnlation 
rate is faster 

On the other hand, suppose that some of the alveoh are closed or 
filled with hqmd Take an extreme case m which the hronchus of one 
lung IS closed The alveolar air now obtained will he true alveolar air, 
but the quantity m the blood will be less than twice the quantity in the 
alveolar air, smce the blood of one lung contains no ethyl iodide, again, 
the quantity of ethyl idodide absorbed is being divided by a qnantity 
which IS too great and the real circulation rate is bigger These two effects 
are additive 

It seems, then, that one is forced to the conclusion that so valuable 
a chmcal method as this cannot be regarded as sufficiently accurate for 
practical use, for, owmg to errors m the calculation ansing from the con- 
centration in the automatic sampler not being the “average blood 
tension’’ and the fact that capiUanes and alveoh may be closed, the 
apparent circulation rate may be anything from 25 p c larger to an 
mdefinite quantity smaller than the actual 

It IS hoped when opportunity for experimental work anses, and if 
other difficulties (7,8) are overcome, to pubhsh results for an ethyl iodide 
method which has the hacking of the present sub]ect matter 

Summary 

1 The curve for the variations in the tension of ethyl iodide during 
a respiratory cycle is calculated and a difference between the average 
tension of ethyl iodide to which the hlood is exposed and the tension 
obtamed m the Henderson automabc sampler is shown, 

2 This difference may lead to the apparent circulation rate being 
25 p c greater than the actual 

3 Owmg to the fact that capillaries and alveoh may be closed, 
possibly m normal and certainly in pathological cases, the apparent 
circulation rate may he too small 
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Tlie wnter is very mucli indebted to Professor Krogh for kindly 
criticism 
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THE ADJUVANT ACTION OF THE LACTATE ION ON 
THE VASO-DILATOR EFFECT OF SODIUM NITRITE 

By ben DENSHAM, 

(From the Department of Physiology, King's College, London ) 

In tlie course of a recent paper by Hemingway and McDowalUs) on 
the acid-base control of the capillaries, it was pointed ont by them that 
it was sometimes impossible to obtam the dilator effect of histamine m 
a perfused hmb until a dose of lactic acid or acetyl choline had been 
administered From this it appeared that the latter drugs exerted some 
sort of ‘‘unlocking effect” on the histamine dilator mechanism. 

The present mvestigation was undertaken with a Yiew to finding out 
whether a Bumlar phenomenon exists m relation to the dilator effects of 
two other physiologically important drugs, namely sodium mtnte and 
acetyl cholme 

The method used was that of Sharpey-Schafer modified by 
McDowall(i), and fully described by Hemingway in a recent 
paper (2) It consists of perfusion from a constant pressure reservoir, 
the perfusion pressure being registered directly by means of a side 
tube connected to a manometer and transmitted thence to a piston 
recorder 

The perfusion flmds were Ringer’s solution warmed to 37° C and 
buffered at varymg cHs with sodium phosphate mixtures All doses of 
drugs for mjection were made up to 0 5 c c The fore and hmd limbs of 
cats were used exclusively 

Hemingway and McDowall(3) showed that the loss of capillary 
tone m the perfused hmd limb of a cat is due to the accumulation of 
lactic acid m the tissues This can be obviated, as they showed, by 
neutrahsmg the acid by perfusmg with a fluid buffered at about pH 7 6 
which IS on the alkalme side of functional neutrahty, or else, as shown by 
Dale and Richards(4), by oxidismg the acid by perfusing with oxygen- 
ated Rmger s solution containmg erythrocytes 

It was considered expedient in the first place to discover whether the 
tone of the vessels on which acetyl choline and sodium mtnte act is to 
any extent under a similar acid-base control 
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The wnter is very much mdehted to Professor Krogh for imdly 
criticism 
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THE ADJUVANT ACTION OF THE LACTATE ION ON 
THE VASO-DILATOR EFFECT OF SODIUM NITRITE 

By BEN DENSHALL 

{From the Department of Physiology^ Kinf s GoUege^ London ) 

Ik tke course of a recent paper by Heming^vay and McDowall(3) on 
the acid-base control of the capiUanes, it was pointed out by them that 
it was sometimes impossible to obtam the dilator effect of histamine m 
a perfused hmb until a dose of lactic acid or acetyl choline had been 
administered From this it appeared that the latter drugs exerted some 
sort of "‘unlocking effect’' on the histamine dilator mechanisim 

The present mvestigation was undertaken with a view to finding out 
whether a similar phenomenon exists m relation to the dilator effects of 
two other physiologically important drugs, namely sodium mtnte and 
acetyl choline 

The method used was that of Sharpey-Schafer modified by 
JIcDowall(i), and fully described by Hemingway m a recent 
paper (2) It consists of perfusion from a constant pressure reservoir, 
the perfusion pressure bemg registered directly by means of a side 
tube connected to a manometer and transmitted thence to a piston 
recorder 

The perfusion fluids were Ringer’s solution warmed to 37° C and 
buffered at varymg cHs with sodium phosphate mixtures All doses of 
drugs for mjection were made up to 0 5 c c The fore and hmd limbs of 
cats were used exclusively 

Hemingway and McDowallO) showed that the loss of capillary 
tone m the perfused hmd limb of a cat is due to the accumulatiou of 
lactic acid m the tissues This can he obviated, as they showed, by 
neutralismg the acid by perfusmg with a fluid buffered at about pH 7 6 
which is on the alkaline side of functional neutrahty, or else, as shown by 
Dale and Richard8(4), by oxidising the acid by perfusing with oxygen- 
ated Ringer’s solution containing erythrocytes 

It was considered expedient m the first place to discover whether the 
tone of the vessels on which acetyl chohne and sodium mtnte act is to 
any extent imder a similar acid-base control 
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This was found to be the case If the perfusuig fluid was of a pH of 
7 4 or under (either buffered or unbuffered) there was a fall in the per 
fusion pressure and a disappearance of the vaso-dilator effects of acetyl 
choline and sodium mtnte The speed at which the pressure fell, and the 
vaso-dilator actions disappeared, was greater the lower the pH of the 
perfusion flmd (pH 7 4—6 6) If, on the other hand, the perfusion fluid 
was buffered at pH 7 6—7 6, the vaso-dilator effects of the two drugs 
persisted for 3-4 hours, at which pomt oedema generaUj precluded 
further work 

The animals were either killed 5 romutes before the commencement 
of perfusion or else were prepared by the method of Hemingway and 
McDowall This consists m giving repeated small (2 c c ) doses of satu 
rated sodium bicarbonate followed by short periods of asphyxia to enable 
the alkah to enter the tissues The mjections must be intravenous and 
should be made about 1 hour before death 

In such animals, when perfused with fluid buffered at pH 7 6-7 7, it 
was often impossible to obtam the vaso-dilator effect of either acetyl 

cholme or sodium mtnte Injection of 0 6 c c of lactic acid or 
hydrochlonc acid produced a great fall m perfusion pressure with a rapid 
return to normal After this, acetyl cholme and sodium mtnte produced 
large vaso-dilations (Fig 1) 



Fig 1 The ‘ unlocking effect of lactic acid on the vaso dilator actions of acetyl-chohne 
and sodium mtnte HXi=0’5 c^c. 1 p c» lactic acid injected. N=0*5 c.c, 1 p.c. sodiuiD 
mtinte injected. A=0 5c.c 01 p c. acetyl^eholine Perfusion pressure =00 cm3 of 
Ringer pH of entering fluid = 7 C Tune tracing m minutes 

It -was noted m alkaline preparations as above, perfused with fluid 
bufiered at pH 7 6-7 7, that if the mtnte and cholme were mjected, 
first after a dose of hydrochlonc and then after one of lactic acid (the 
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doses of acid being snob that they caused an equal fall m perfusion pres- 
snie), then a dose of nitnte wbicb gave a smaller fall in pressure than a 
given dose of acetyl choline after the mjection of hydrochloric acid, gave 
a much bigger one after the mjection of lactic acid (Pig 2) 



Fig 2. The adjuvant action oi lactic acid on the va^o-dilator action of Bodram nitnte. 
The action of the nitnte, as compared Tvith that of the acetyl-chohne, is seen to be 
greater after the mjection of lactic aad than after that of an equivalent dose of 
hvdrochlonc aad. HL=0'5 c.c. 1 p c. lactic aad mjected. HCL=0-5 c,c. 0005 p.c. 
hydrochlonc aad mjected. X = 05c.c. 1 p-c. sodnun nitnte injected. A=06c,c. 
OOl p c, acetvl -choline mjected. Perfusion pressure =S9 cma. Bmger pH of perfnsmg 
fluid =7 55 Time tracing m mmntes. 


It IS apparent from these experiments that, m a fresh or an aUralme 
preparation perfused tvith flmd bnSered at pK 7 6-7 7, the hydrogen ion 
exerts a definite “nnloclcing efiect” on the vaso-dilator actions of acetyl 
chohne and sodium nitnte analogous to that of lactic acid on the capillary 
dilator action of histamine It is further apparent that the lactate ion 
exerts a specific adjuvant effect on the vaso-dilatox action of sodnun 
Ditrte That the reverse is not true, namely that the chlorme ion exerts 
a similar effect on the action of chohne, is seen from the fact that Ringer’s 
solution contains a large quantity of chlorme ions 

These results receive corroboration from, and at the same tune afford 
an explanation for, the otherwise anomalous findings of a large number 
of experiments 

(a) When the vaso-dilator actions of sodium nitnta and acetyl 
chohne bad disappeared dnnng perfusion with a flmd of pH 7 3-7 t it 
was frequently found that the injection of 1-2 c c of saturated sodium 
bicarbonate or of dilute caustic soda did not bring about their return 
If, however, lactic acid was mjected after the alkab the action of the 
two drugs alwavs returned 

It would seem then that the “unlockmg effect’ of the hydrogen ion 
15 dependent on the temporarv relaxation of vessels which have been 

pa Lxixr 


12 



178 


B DENSHAM 


constricted by alkali That it is not due to any permanent change m the 
tone of the vessels is seen from the fact that it takes place after the 
perfusion pressure has returned to its origmal level, as shovn in Figs 1 
and 2 It is possible that the effect is due to the temporary relaxation 
of the larger vessels which have been constricted by the alkah and the 
consequent flushing through of the peripheral vessels with more alkaline 
fluid which thus increases their tone 

(6) On perfusmg a fresh or a prepared albalme animal with fluid 
buffered at jiB. 7 3-7 4 there was a gradual faU m the perfusion pressure, 
accompamed by an increased outflow and the disappearance of the 
actions of sodium mtnte and acetyl choline Further, if the doses of 
these drugs were adjusted so that the acetyl cholme initially gave a fall 
in pressure equal to or greater than that of the mtnte, it was found that 
the effect of the choline decreased much more rapidly than, and finally 
disappeared before, that of the mtnte 

The flmd leaving the vena cava under such conditions was found to 
have a pH of 6 9-7 0 

(c) On perfusmg a fresh or prepared animal with flmd buffered at 
pH 7 6, and then changing to one buffered at pH 7 0, there was a rapid 
fall m perfusion pressure, accompamed by an mcreased outflow and the 
disappearance of the actions of mtnte and acetyl cholme But m this 
case, although the doses were such that the fall m pressure caused by 
the mtnte was initially greater than that caused by the cholme, yet the 
mtnte effect decreased more rapidly than, and disappeared before, that 
of the acetyl cholme 

The flmd leaving the vena cava under such conditions was found to 
have a pH of 7 0-7 2 

On changmg back at once to flmd buffered at pH 7 6 the actions of 
the drugs returned m the order acetyl cholme, mtnte 

These results were obtamed many tunes, the flmds m aU cases having 
the same temperature and composition (except as regards their hydrogen 
ion content) 

There was only one difference between the conditions of the expen 
ments (h) and (c) to account for the diametncaUy opposite results 

lu (b) the perfusmg flmd was buffered at about functional neutrahty 
(pH 7 4) so that the gradual loss of vessel tone mast be due to the 
accumulation of lactic acid m the tissues This is further seen by the fact 
that the flmd leaving the tissues was more acid than that entering them 
In (c) the more rapid loss of tone must be due to the direct effect of 
the functionally acid perfusing flmd This is further seen by the fact that 
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tKe flmd leaving the tissues was usually more alkalme than that entering 
them. 

Now it js in (6) that the nitnte efiect remains longer than that of 
acetyl choline, and it is precisely this experiment m which the amd 
(shown by Hemingway and ilcD owall to be lactic acid) accnmnlates, 
while m (c) the tone is lost before the lactic acid can accumulate and 
the cholme efiect lasts longer than that of mtnte 

It IS clear, then, that the mtnte requires a greater degree of alkalinity 
and tone of the vessels for the production of its vaso-ddator action than 
does cholme, but that when the loss of alkalinity is accompanied by an 
accumulation of lactate ions, as m expenment (6), these ions exert their 
adjuvant efiect on the action of the mtnte which thus persists longer than 
that of the acetyl cholme 

SuHilABY 

(1) A species of ‘'unlockmg effect” of the hydrogen ion on the vaso- 
dilator action of sodium mtnte and acetyl cholme is mentioned, and 
compared with a similar effect of lactic acid on the capdlaiy dilator 
action of hiBtamme previously descnbedU) 

(2) A specific adjuvant action of the lactate ion on the vaso-ddator 
action of sodium mtnte is descnbed, and is used to explam certam 
anomalous results obtamed m comparing the vaso-dilator actions of 
acetyl cholme and sodium mtnte m limbs perfused with fluids buffered 
at varying pHs 

I am greatly indebted to Prof McD owall for much kmd assistance 
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PROTRACTED CESTRUS INDUCED BY OVARIAN 
EXTRACTS By ROBERT TUISK 

(Institute of Physiology, University of Tartu, Estonia ^ ) 

Allen and Doisy(i) induced a prolonged oestros by continuing to inject 
bquor foUiculi for several consecutive days They made similar expen 
ments with extracts of foUicular fluid, the charactenstio cornification 
of the vagmal mucosa contmued for 4^ days Frank, Kingery and 
6ustavson(2) record having mamtamed a positive vagmal smear in 
immature rats for from 8 to 9 days, by contmumg the mjectious 

The statements of Allen and Doisy are of a great theoretical 
mterest in connection with the problem of the mechanism of the sexual 
rhythm If it can be demonstrated that the somatic substratum of the 
oestral phenomena is capable of reactmg continuously to a contmuous 
injection of ovarian hormones, then it is clear that the sexual rhythm 
repeats an ovaman rhythm, if, on the contrary, the somatic substratum 
reacts discontmuously though ovarian hormones are continuously pre- 
sent, then one must conclude that the sexual rhythm depends upon 
changes m the sensitiveness of the tissues Brouha and Siinonnet(3) 
repeated the experiments of Allen and Doisy with special reference to 
the question here discussed According to them, rats mjected during 
30 days with foUicular extracts reveal mdeed a prolonged oestrus, but 
the latter lasts only 4 to 6 days and then a dioestral phase of 1 to 2 days 
takes place Allen and Doisy (i) also stated that m several experiments 
in which by repeated mjections the oestrus was extended, a leucocytic 
infiltration was present m the smears But they mterpreted this as 
caused by a ^^discontinuous action of the hormones due to difficulty m 
making the mjections serve continuously as does the secretion of the 
normal foUicles durmg the growth phase of the cycle ” Further observa- 
tions by others corroborate the view taken by Allen and Doisy These 
authorities drew a paraUel between their experiments and the condition 
m which a cysticaUy degenerate folhcle mamtams the cestrus, probably 
by contmuous secretion of the foUicular hormone The cases of ** nympho 
mama’’ m the cow are weU known, similar conditions were observed by 

» Aided bv a gnmt from the Ella Sachs Plotz Foundation for the Ad\anccmcDt of 
ScientiSc Investigation,’* administered to Prof A. LipschGtz- 
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Alleii(4) in tlie mouse, by CouxneKS) m tbe gmnea-pig Finally, 
Lipacbiitz(6), m his comparative experiments with ovarian grafts into 
male and female castrated gumea-pigs, showed that hyperfemmisation 
of the male can be considered as a protracted oestral condition caused 
by persistence, in the graft, of mature follicles with a tendency to cystic 
degeneration Like Allen and D oisy, and contrary to the statements 
of Bronha and Simonnet, Lipschutz is of the opinion that we shall 
always find a prolonged cestrus if m any way the threshold concentration 
of follicular hormone is mamtamed m the blood 

On account of the contradictory statements as related above, experi- 
ments with contmuous m^ection of active ovarian extracts were made, 
with the special object of examining the question whether a periodic 
leucocytic infiltration necessarily takes place even when folhcular hor- 
mones are contmuously introduced 

The experiments were made both on normal and castrated female 
mice The follicular extract (a mixture of remains of extracts used m 
former experiments m this laboratory) was given daily snbcntaneonsly 
diluted m olive oiL Vaginal smears were made twice daily With 0 2 c c 
oestral changes set m on the thud day and full oestrus was observed 
about 72 bouTS after the first mjection Three different senes of expen- 
ments with different quantities mjected were made 

First senes 0 2 c c of the extract was given daily during 8 days, 
two m^ections at an mterval of 12 hours were made every day The 
results are given m the foUowmg table 


Table L 0 2 c,c of foUicnlar extract durmg 8 days 




liatent 

Beginning 

Exp 


period* 

of oestruat 

Ko 


hours 

days 

1 (40) 

Castrated 

CD 

3 

2 (41) 

Castrated 

48 

2^ 

3 (61) 

Xonnal 

? 


(Fig 1) 




4 (62) 

Normal 

7 

1 


Duration 

CEstms 
after last 

Intermpted 

of oaatma 

injection 

by 

days 

days 

leucocytes 

6i 

>2 

0 

64 

<2 

0 

3 and 

3 

+ 


7 1 0 


* Latent penod * means the time between first injection and appearance of pro 
cDstnis I c a very pronounced dumnution of leucocytes and appearance of reticular cells 
or the prclm^ary stagw of the homy scales Ab the vaginal smears were made twice dailv 
the error is 12 hours Aa to the respective values m the normal mice see p 185 

t lirat complete disappearance of leucocytes and homy scales only present m the 


In both castrated mice tbe oestral phase of comification without 
leucocytes lasted almost 7 days In one of these esperunents the oestral 
condition contmued for more than 2 days after the last mjection m the 
second experiment for almost 2 days In both the normal animals 
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oestrus set m as early as tlie day after the first injection Most probably 
this short time of latency is to be explained by the fact that the injection 
of hormones interfered with the normal oestrus provoked by the ovanes 
tn situ The oestral condition lasted in one of these expemnents 8 days, 
in the second 7 days Individual leucocytes were found in the vaginal 
smear between the homy scales on the fourth day in the first of these 
cases 

The first senes leaves no doubt that a prolonged oestrus about five 
or more times longer than m the normal animal can be induced by 
continuous injection of ovarian hormones, without there being a 
penodicity in leucocytic infiltration Only in one of four expemnents 
leucocytes were once observed m the vagmal smear It is of mterest to 
discuss this question more in detail, usmg the diagram as Corner(7) 
did m recording the proportionate relations of leucocytes and epithehal 
cells m the vagmal smear of the 
monkey In Fig 1 the course of Exp 3 
IS recorded The top of the ordinates 
means comification without any leuco- 
cyte bemg present m the smear, if 

^ ’ 28[V‘2^(yiV‘2'3‘4‘5’6‘7-b y i'- 

Bingle or more leucocytes are present, ^ IFirstIhject ILhstWct 
this IS mdicated by lowermg the ordi- 
nate In Case 3 (Fig 1) only a few 
leucocytes appeared at the end of the 

fourth day of comification The mter- , 

t t , prolonged cestras interrupted ^ ap 

pretation of this phenomenon is not an pearance of & fevr leucocytes. CEstrw 

easy one If not mcidental and with- almost 3 days after last m 

out any relation to the honnomc con- 
dition, one would suppose that the oestrus was interrupted for a very 
short time or on a limited area of the vagmal mucosa, leucocytic 
infiltration beginning owmg to the fact that the respective quantity 
of hormones was not sufficient to maintam continuously the threshold 
concentration of hormones as already supposed by Allen and Doisy 
The folio wmg experiments are rather m favour of this suggestion 

Second senes 0 1 c c of the extract was given in two daily mjections 
and repeated durmg 12 days The results are given in Table II 

In Case 1 oestrus set m 3 days after the first injection, but then 
agam, durmg several days, single leucocytes were to be found, and only 

6 days' afterwards an cestral condition free of leucocytes set m for 3 days 
In Case 2 oestrus set in 3 days after fiLrst mjection and contmued for 

7 days without mtemiption, then again leucocytes appeared The 


Fig 1 


Diagram of Kxp 3 of Table L The 
the quantity of leucocytes the 

IriTT'Ar nrdtnofAo TM^Tlods Ol 
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Tabi^ H. 0 1 C.C. oi follicular extract during 12 days. 







(Estrus 




Latent 

Begmnmg 

Duratioii 

after last 

Interrupted 

Exp. 

No 


pcnod 

hours 

of heat 

of CBstrus 

mjecUoii 

by 


days 

days 

days 

leucocytes 

1 (381 
(Eig 2) 

2 f29) 

(2asttated 

60 

3 

3 and 1 

0 

+ — 

Castrated 

60 

3 

7 

0 

0 

(Fig 3) 






(leucotytes 
only at the end 







of theTthdav) 

3 (49) 

Norxofll 

0 

0 

>13 

3 

0 

4. (50) 

Normai 

t 

1 

4, 2 and 1 

2 

+ 



Diagram of Exp 1 of Table EL There are several penods 'mth 
few leucocytes 



24T\Y526272fc9yoW ^6' ‘TS^^O' 

^ iFmarlmECT ILrstItdect 

. Fig 1 

Diagram of Exp 2 of Table EL An uruntermpted cestrus of 7 dayp 
Few feucocvte> appeared already before last injection^ 

diagranis (Figs 2 and. 3) give a good idea of tbe condition as observed 
in these two animals But it must be insisted upon tbat there never 
was a regular dicestrus, neither in the cases mentioned here, nor in 
those of the third senes (see below), as long as injections were 
made In Exp 3, with an uncastrated female, cestrus lasted more than 
13 dovs, 3 of these bemg after the last mjectiom In the last experi- 
ment (4) cestral phases of 4, 2 and 1 days were mtemipted by leucocytes 
mthout there bemg any periodicity as to this 

In the second senes m which the quantity of hormones daUy intro- 
duced was smaller than in the first senes, only two animals (Cases ^ 
and 3) tcNealed long uninterrupted mstrus, whereas both others (Cases 1 
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and 4) sliow^ed shorter oestral phases often interrupted by leucocytes, 
but, as ]ust mentioned, without any periodicity When compared with 
the first senes it seems very probable that the appearance of the leuco- 
cytes m the vagmal smear was caused by temporary lowering of the 
hormone concentration m the blood This becomes still more evident 
when discussing our third senes of experiments 

Third senes Three castrated and three normal females were mjected 
during 16 days with about 0 05 c c , once daily, of the same solution as 
in the first tw’o senes 

Table UL 0 05 c c, of follicular extract during 16 days, 

CEstrufl 

Latent Beginning Duration after last Interrupted 
Exp ^nod ctf heat of cestruB infection by 

No nours days days days leucocytes 

1 (11) Castrated 60 4 0 + + + 

2 (12) Castrated 60 8 14 0 + + + 

(Fig 4) 

3 (13) Castrated 60 4 6, and IJ 0 + + + 

4 (31) Normal 0 0 See text — — 

(Fig 6) 

6 (32) Normal T i ^ ^ 0 + + 

0 (33) Normal 7 i 1 and 1 1 + + + 



f Fig 4 , 


Diagram of Exp 2 of Table UL Foil cestrus appearing only about 8 days 

first injection, (Estrus lasted only about IJ days. Intermediate penods with more 
or less leucocytes before and after last injection Dioostma only 3 days after last 
injection 



Diagram of Exp 4 of Table UL (Estrus before beginning of cxpcnment and 

10 da\ 3 after last injection, t e, as long as examined. Twice single lencocytes appearcti 
Probably a case of “nymphomania “ 
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There was no contmuons cestrus m Cases 1 and 2, an cestros was 
maintained for 1 day or more m these two experiments In Case 3 
mstrus set in 4 days after the first injection and lasted withont leuco- 
cytes dunng 5 davs Afterwards, days of full oestrus and those with leuco- 
cytes followed one another In Case 4, an uncastrated female, there was 
oestrus already before the experiment began, and this condition lasted 
not only during the 16 days of mjection, but also during 10 days more 
after the last mjection, then the experiment was mterrupted During 
these four weeks smgle leucocytes were observed three tunes (Fig 5) 

It was evidently a case of “nymphomania, ^ as observed by Allen in 
the mouse In Case 5 the oestrus set m already on the evening of the 
first day when the first injection was made and this condition lasted 
for 6 days The leucocytes were present for several days and again for 
nearlr 4 days fuD oestrus with homy scales only was observed- In Case 6 
oestrus set m the day after the first injection and lasted 34 days Later 
on there were single days with homy scales only 

When reviewing the experiments of the third senes, we see that there 
was not a single case without several penods of leucocytic infiltratiom 
The quantitv mjected was stdScient to cause oestrus, as seen especially 
m Cases 3 and 5 But evidently the quantity was just at the limit of 
that necessary fox mamtainmg continuously the threshold concentration 
of hormones in the blood 

Two questions ought to be dealt with here The first one is that of the 
latent penod As seen m the tables, the normal mice at the beginning 
of the experiment were not in dioestrus several were m pro-cestrus (or 
postnustrusD, others m oestrus The latent penod could not be calculat-ed 
for these cases, full oestrus set m 12 to 36 hours after the first injection 
It IS not possible to state how far the ongmal oyanan cycle was mter- 
fered with here It is, however, conceivable that the injection stmuilated 
the ovaries in sifrf by the mtennediation of some unspecific substances, 
as supposed bv Lipschutz(S) m his experiments with ovanan grafts and 
operative interference on the testicle The influence of similar substances 
IS, accordmg to Lipschutz(9), a question of great practical significance 
The second question of mterest is that about the condition of the 
mjected animals m the penods of leucocvtic infiltration between the 
penods of full cestrus As alreadv insisted upon, there was never a 
regular dicestnis without homv scales, either m the castrated animals 
or m the normal ones, as long as injections were made, and regular 
dicestms set m a few davs after the last mjection These penods were 
intermediate stages, resembling rather the post-cestros, homy scales 
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being present united together m masses But in general, in the first and 
second senes (large quantities of extract) the number of leucocytes was 
a minimal one, only a few leucocytes bemg visible between the homy 
scales, a condition never seen in dioestrus As these deviations from the 
full normal oestrus occurred without any periodicity it seems impossible 
to consider them as caused by the condition of the somatic substratum, 
the observations are m favour of the supposition that there were fluctu 
ations m the hormone concentration m the blood, the concentration 
bemg sometimes lower than the threshold 


Summary 

Experiments with contmuous mjection of extracts of folhcular fluid 
were made m castrated and uncastrated mice 
The mjections were contmued for 8 to 16 days 
A continuous oestrus without a smgle leucocyte m the vaginal smear 
was maintamed m castrated animals as long as 7 days and in uncastrated 
animals as long as 13 days 

In those experiments m which lesser quantities were mjected con 
tmuonsly, the oestrus was often mterrupted by leucocytic infiltration 
which, however, was generally not very pronounced, only small numbers 
of leucocytes bemg present 

The days with leucocytic infiltration occurred without any regulanty 
It IS concluded from these experiments that the mammal reacts with 
a contmuous oestrus when the threshold concentration of folhcular hor 
mones is mamtamed m the body continuously The failure to obtam 
continuous oestrus by folhcular mjection, as m the experiments of 
Brouha and Simonnet, is to be explamed, m accordance with Allen 
and Doisy, by supposmg that m the experiments of the French ini esti 
gators the threshold concentration of hormones was not maintamed 
I am much obliged to Prof A Lipschutzforhis cnticism and help 
The extracts were prepared by Mr S VeSnjakov, to whom thanks are 
also due 
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THE INITIALr PHASE OF REFLEX INHIBITORY 
RELAXATION IN EXTENSOR MUSCLES 

By T graham BROWN {Cardiff) 

{From the Physiology Institute, Cardiff') 

The expenmental observations descnbed m this paper have a bearuig 
upon the general question Where reflex phenomena vary m intensity 
with vanation m the mtensity of the stimulus which evokes them, do 
the intensities of the reflex phenomena and the intensities of the evokmg 
stimuh show a relationship of simple proportionahtyl 

The classic example of reflex inhibitory relaxation is the inhibition 
of extensor tone, or of the extensor contraction m the crossed extension- 
reflex, dunng the same-sided flexion-reflex In the decerebrate cat, 
gastrocnemius-soleus muscle contracts in the crossed extension-reflex 
Sufficiently mtense repetitive stimulation of receptor end- organs in the 
foot of the same side, and apphed duxmg this extension reflex, produces 
inhibitory relaxation of these ankle extensors As far as concerns isotomc 
records of this phenomenon (mechamcal registration), the inhibitory 
relaxation is not suddenly established at its full extent Where in- 
hibition IS evoked by repetitive faradic stimulation (frequency about 
20 per sec ) contmued for several seconds, and where that stimulus is 
of sub-maximal mtensity, the records clearly show that the extensor 
muscles may stiU be relaxing {% c their length still increasmg) 2 sec , 
3 sec , or even longer after the commencement of the inhibitory 
stimulus 

The graphic curve of such a relaxation, if registered upon a surface 
moving with constant velocity, records the increments of relaxation 
(muscle lengthemng) in consecutive equal mtervals of time Were these 
increments equal, the curve of relaxation would proceed as a straight 
line slopmg down towards the axis of abscissse~if , as is usual, fall of the 
wntmg pomt registers reflex lengtbenmg (relaxation) of the muscle As 
a matter of fact the usual curve is more or less sigmoid — approximating 
to the mirror image of the curve of reflex contraction obtained from the 
same muscles m the crossed extension-reflex, and the sigmoid character 
of which has been pointed out by Li d d ell and Sherrington a) In that 
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being present united together in masses But in general, in the first and 
second senes (large quantities of extract) the number of leucocytes was 
a m inim al one, only a few leucocytes being visible between the homy 
scales, a condition never seen m dioestrus As these deviations from the 
full normal CEstrus occurred without any penodicity it seems impossible 
to consider them as caused by the condition of the somatic substratum, 
tbe observations are m favour of the supposition that there were fluctu 
ations m the hormone concentration m the blood, the concentration 
bemg sometimes lower than the threshold 


Summary 

Experiments with continuous mjection of extracts of foUicular fluid 
were made m castrated and uncastrated mice 

The m]ections were continued for 8 to 16 days 

A contmuous oestrus without a smgle leucocyte m the vagmal smear 
was mamtamed in castrated animals as long as 7 days and m uncastrated 
animals as long as 13 days 

In those experiments m which lesser quantities were mjected con 
tmuously, the oestrus was often mterrupted by leucocytic infiltration 
which, however, was generally not very pronounced, only small numbers 
of leucocytes bemg present 

The days with leucocytic infiltration occurred without any regulantj 

It IS concluded from these experiments that the mammal reacts with 
a contmuous oestrus when the threshold concentration of foUicular hor 
mones is mamtamed m the body contmuously The failure to obtam 
continuous oestrus by follicular mjection, as m the experiments of 
Brouha and Simonnet, is to be explamed, m accordance with Allen 
and Doisy, by supposmg that in the experiments of the French in'^ esti 
gators the threshold concentration of hormones was not mamtamed 

I am much obhged to Prof A Lipschutz for his cnticism and help 

The extracts were prepared by jMt S Vesnjakov, to whom thanks are 
also due 
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THE INITIAL PHASE OF REFLEX INHIBITORY 
RELAXATION IN EXTENSOR MUSCLES 

Bt T GRAHAM BROWN {Cardiff) 

{From the Physiology Institute, Cardiff) 

The expenmental observations described in tbis paper bave a bearmg 
upon the general question Where reflex phenomena vary m intensity 
vnth variation in the intensity of the stimulus vrhich evokes thein^ do 
the intensities of the reflex phenomena and the intensities of the evoking 
stimuh shov* a relationship of simple proportionahty'^ 

The classic example of reflex mhibitoxy relaxation is the inhibition 
of extensor tone, or of the extensor contraction in the crossed extension- 
reflex, dormg the same-sided flexion-reflex- In the decerebrate cat, 
gastrocnemms-soleus muscle contracts m the crossed extension-reflex. 
Sufficiently mtense repetitive stimulation of receptor end-organs in the 
foot of the same side, and apphed during this extension reflex, produces 
inhibitory relaxation of these ankle extensors As far as concerns isotomc 
records of this phenomenon (mechamcal registration), the inhibitory 
relaxation is not suddenly established at its full extent Where in- 
hibition IS evoked by repetitive fatadic stimulation (frequency about 
20 per sec ) contmued for several seconds, and where that stimulus is 
of sub-maximal mtensity, the records clearly show that the extensor 
muscles may still be relaxing (i c their length still mcreasmg) 2 sec , 
3 sec , or even longer after the commencement of the inhibitory 
stimulus 

The graphic curve of such a relaxation, if registered upon a surface 
moving with constant velocity, records the increments of relaxation 
(muscle lengthemng) m consecutive equal intervals of time Were these 
increments equal, the curve of relaxation would proceed as a straight 
hue sloping down towards the axis of abscissje — d, as is usual, fall of the 
wntmg pomt registers reflex lengthening (relaxation) of the muscle As 
a matter of fact the usual curve is more or less sigmoid— approximatint^ 
to the mirror image of the curve of reflex contraction obtamed from the 
same muscles m the crossed extension-reflex, and the sigmoid character 

of which has been pointed out byLiddellandSherrington(i) In that 
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same paper these observers (using the isometnc method vith optical 
registration) have shown that the ‘‘speed of decline of the musde 
tension m inhibitory relaxation is of the same order as that of the 
relaxation of the mn Tetanus on cessation of the faradisation of the 
motor nerve itself ” They were mvestigatmg the vasto-crureus — a knee 
extensor, and were usmg ma xim al inhibitory stunuh Their figures shov 
nearly complete inhibitory relaxation, more or less complete establish 
ment of which appears to occur about one-fifth of a second after com 
mencement of the inhi biting stimulus In a later paper these same 
observers (2) examined the inhibitory effects of stimuh of graded mtensity 
— again usmg the isometnc method with optical registration They find 
that inhi bitory relaxation of tension proceeds more slowly the smaller 
the mtensity of the inhibitmg stimulus is Their figures show gradients 
of relaxation of different steepness, but all approximately rectilinear 
In other words, the curves of decrease of tension m inhibition make 
different angles with the axis of abscissae, but are approximately of the 


same type 

In the observations of Liddell and Sherrington, what is registere 
IS the variation from instant to instant of the tension developed m a 
muscle the length of which is kept approximately constant In my own 
observations — registration by the isotonic method— what is registere 
IS the change in length of a muscle from instant to instant under appron 
mately equal tension Using the latter method, the curve of relaxa^on 
m inhibition is usually sigmoid — as has been said above In its 
phase (sometimes brief even with stimuh of low intensity, extrer^y 
bnef when the stimulus is of high mtensity) the curve is convex upwa j 
it then becomes concave and this form is retamed (m regular reflexes) 
for the remaimng duration of stunulation Occasionally the first (cod vex 
phase may be as long as 2 sec m duration, where the mhibitmg stim us 
IS of low mtensity More usuaUy this phase is bnefer Where the inhibiting 
stimulus IS of high mtensity the convex phase may become extreme y 
bnef— so that the curve m inhibitory relaxation appears to commenco 
suddenly with a perpendicular drop almost at a nght angle to t e e 
of precedmg contraction, and the sigmoid form almost or comple ey 
disappears Where the complete sigmoid form of curve occurs, the retmt 
demonstrates that the mcrements of reflex relaxation m ^ 

equal time mtervals progressively mcrease to a maximum and ^hereatter 
progressively decrease agam The foUowing is an mstan^ 
at haphazard) from my measured curves (Table I), the fi^es sho 
fall of a graphic curve m each consecutive 0 25 sec m the penod o 
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leflex inhibition oi gastiotnemms-Bokns m the decerebrate cat (The 
carve, as registered, rras measured to 0 25 mm and the figures give a 
fourfold magnification of actual muscle lengthemng ) 


Table L 


Period of iBhibition 
Irt 0*25 sec, 

2ttd r» 

3tti 

4tli 

oth tj 

6th M 

i th. 5» 

8th 

9th 


Bel&xation in mm, ( x 4) 

20 
60 
30 
175 
0 75 
0 75 
0*25 
025 
00 


Such comparative slo\niess m the more or less full establishment of 
inhibitory relaxation might be due to instrumental error m the method 
of registration adopted (but the recording point of the lever vrhich I use 
falls throngh 32 mm m 0 1 sec ^rhen the thread attaching the lever to 
gastrocnemius is suddenly cut) Or it might be due to inherent slou ness 
of relaxation m the muscles used — F niton and Lid dell (3), for instance, 
state that the rate of relaxation of soleus in the cat is as much as four 
or five times slower than that of white muscle, and soleus is a component 
of the ankle extensor which I have been recording Or the slowness 
might be due to the nature of the spmal centre — so that the discharge 
oi the extensor "half-centre” does not suddenlv cease m any reflex 
inhibition The following experimental observation is mconsistent with 
all of these possibihties 

Present cbservations Thewnter(4)has described an mcrease of mhibi- 
torv relaxation as occasionallv occumng immediately after the cessation 
of an inhibitory stimulus 

More recentlv, Liddell and Sherringtonl^) have shown that, 
using the isometnc method, there is a further mcrease m the inhibition 
of the stretch-reflex in extensor muscles after cessation of the inhibiting 
stimulus 

This terminal mcrease of inhibitorv relaxation (“ rebound relaxation 
after inhibition ”~as I ongmallr called it) is naturallv best demon- 
rated where a preceding inhibitorv relaxation has been least complete 
It IS sometimes accompamed by a well-marked mcrease m contraction 
of antagonistic muscles (eg tibiahs anticus) In a recent experiment 
a well marked example of this phenomenon occurred about seven hours 
and fifteen minutes alter decerebration 
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Black female cat, 1730 grnL, May 14th, 1926 

Preparation started 10 35 a,nL Decerebration performed 11 16a,iru at end of all 
operative procedure Chemical narcosis had been stopped just before decerebration^ 

The cat Tras prepared for graphic isotonic registration of tibialis antious and gastro- 
cnemius floleus of both right and left sides of the body Remaining muscles of both hind 
limbs were paralysed by tendon or motor nerve section. Cat fixed in position for recording 
about mid day JiTeedle electrodes mserted under skm of both hmd paws for reflex stimula 
tion. The sacrum, femora, and tibire firmly clamped m such a posture that the spinal am 
was parallel to the floor with the dorsum of the cat up The fore part of the cat swung 
loosely from the ceiling with the fore paws clear of the table The front part of the cat could 
therefore take up any posture or perform movements freely 



Fig 1 Two reflexes (Nos 17038, 17039, obtamed 7 hr 17 mm. after deccrebration. The 
first reflex (marked is a simple flexion reflex It is not desenbed in tho text In 
the second reflex (marked B) this simple flexion reflex is applied dunng a “back 
groirnd” formed by the crossed extension reflex It is described in tho text 


In this figure Top myograph Ime = isotonic reflex movement of left tibialis anticns 
x2^, lower myograph lme=iBotonio reflex mo\ement of left gastrocnemius solcus ^4 
— m either case an arbitrary base line is drawn undemcatb the myogram daring the 
experiment Upper signal line = commencement (fall of signal) and termination (nse 
of signal) of repetitive faradic stimulation of left hind paw Lower signal = the same 
for nght hmd paw Lowest bne = time in seconds 


Note The irregular Ime which complicates the gastrocnemius base Imo in the compound 
reflex zs part of another reflex carve which was taken beneath this one but is not reproduced 
because it has no bcanng upon the present observations 


Wc m the onginal tracmg It has been reduced to two thirds in the above repro 
duction. 
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Results The foUo^g instance only need be descnbed 
Fig 1 The initial tone of left gastrocnenuus-solens (x 4) was 
6 0 mm A simple crossed extension-redex was then evoked by repetitive 
faradic stimulation of the crossed foot Three sec after the commence- 
ment of this stimulation, left gastrocnemios-soleus bad sbortened by a 
further 23 76 mm —and would probably have shortened by an additional 
0 5-4) T5 mm in the enstong 2 sec had this stimulus remained man- 
terrupted But a flesion-producing stimulus (inhibitory as regards this 
extensor muscle) was super- added at the end of the third 1 0 sec of the 
extension-reflex and was taken off agam at the end of the fifth 1 0 sec 
During the 2 sec of the period of this repetitive inhibitory stimulus, the 
extensor lengthened (relaxed) by about 6 25 mm — so that, at the end 
of that penod, the shorteumg of the muscle remained 17 5 mm greater 
than the mitial tone The inhibitory lengthenmg (relaxation) of the 
muscle when the inhibitmg stimulus was stopped was about 21 p c of 
the reflex shortenmg (reflex + tone) which it reduced Fox a brief 
latency (of about 0 2 sec ) this inhibitory lengthening contmued at the 
same rate as that durmg the latter part of actual inhibition (about 
4 mm per sec ) Then a very sudden lengthening of the muscle occurred 
This was such that the curve fell through 18 5 mm m about 0 23 sec 
This fall of the lever was immediately followed by as rapid a nse, and 
the double movement was accompamed by a reciprocal contraction and 
relaxation m the flexor (tibiahs anticus) At the lowest point m the 
curve of the ^‘tenmnar* extensor relaxation, the muscle was still a few 
mm shorter than its post-mortem length 

This instance of reflex phenomena registered by the isotomc method 
IS given because it shows the comparative “dead-beatness” of the 
method for reflex relaxation It demonstrates m one and the same 
reflex record widely diffenng rates of inhibitory relaxation, and thus 
confirms with the isotomc method the observation of Liddell and 
Sherrington that, with the isometnc method, the rate of establishment 
of inhibition may vary 

In this instance we have In the^m place, a comparatively slow and 
incomplete extensor relaxation occumng durmg the penod of the 
inhibitory stimulus In the second place, a very rapid and neatly com- 
plete relaxation (about 20 times as fast as the first) occumng immediately 
after the termination of the inhibiting stimulus A point of importance 
IS that the present expenment exhibits these two widely different rates of 
mlubitor% relaxation n? one and (he sa7nc reflex — that is, under the same 
general conditions (body temperature, blood circulation, respiration, etc ) 
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The rate of the rapid relaxation — 18 mm m 0 23 sec — ^is slower than 
that of the mechanical fall of the lever when suddenly disconnected from 
the muscle (32 mm m 0 1 sec ) and one out of many possibilities is that 
the difference in those two rates of fall may be due to the mechanical 
resistance of the shortened muscle to the distortion of its own shape 
during lengthening But this comparatively small difference m speed of 
fall ^ of a qmte different order to the difference m speed of fall between 
the relaxation durmg inhibitory stimulation and the temimal relaxation 
here illustrated 

The inference seems to be that m certain circumstances the discharge 
of the extensor “half-centre’* is capable of ceasing with great suddenne*^ 
— ^perhaps instantaneously, but that the cessation of discharge duimg 
the inhibition which is part of the same-sided flexion-reflex is nonnaUv 
a much more gradual process The initial phase of inhibitory relaxation 
m the flexion-reflex — ^the phase which elapses before more or less com 
plete establishment of inhibitory relaxation — ^is a comparatively long 
drawn out one, whether the inhibition acts against extensor tone only 
or acts against the crossed extension-reflex, but m certain reflex condi 
tions the inhibitory relaxation may be established with great suddenness 
The prolongation of the mitial phase of extensor inhibitory relaxation 
m the flexion-reflex is therefore a pecuhanty of the reflex and not an 
inherent property of the centre 

My own results therefore confirm those of Liddell and Sherrington 
that the rate of inhibitory relaxation of extensor muscles m the flexion 
reflex may exhibit wide degrees of vanation, but they extend the obser 
vation by showing that the vanation is not due to any change in the 
general condition of the preparation I have also found that in the case 
of mtense inhibitory stimulation the speed of relaxation does not 
markedly differ from the speed of relaxation m the ^UermtnaV' relaxation 
which I have figured m this paper In other words, if mtense inhibiting 
stimnh are used, the rate of relaxation approximates to that m the nerve 
muscle preparation, and m the case of stimuli which evoke inhibitory 
relaxation of small magmtnde this approximation does not obtain 

The question, which is the mam object of this paper, may now be 
approached Is the shape (type) of the curve of inhibitory relaxation 
the same where the rates of relaxation differ ^ 

The shape of the curve of inhibitory relaxation gives the proport ion a 
rate of establishment of the final effect Suppose that the process o 
estabhshment was such that equal mcrements of relaxation occurred m 
equal penods of time, the shape of the curve would be rectilmear But 
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jf the ultimate masuna varied in difiexent cases {although occumug 
at the same instant in the penod of inhibition), the rectilinear curves 
vrould make different angles with the axis of absciss® In other words, 
the rates of relaxation would vary as between different curves, but the 
type of all curves— namely, rectilinear— would be the same Should 
svmiianty of type be established expeninentally, a relationship of simple 
proportionahty between the inhibitory relaxations (at any given in- 
stant) and the intensity of the stunuh which evoke them would be shown 
— for the above argument apphes also to types of curve other than 
rectilmear 

Liddell and Sherrington(O), contrastmg the general courses of 
strong and of weak inhibitory relaxations, note that the terminal 50 p c 
of relaxation may he only of twice the dnxation of the initial 50 p c m 
the weaker relaxation— whereas it may be several tunes the duration 
m the stronger, and they also note the more rounded imtial part of the 
curve m the first part of the inhibitory fall In maxmial inhibition, the 
cuttmg off of discharge in the motoneuiones appears to be simultaneous, 
but, m the case of sub-maxnnal inhibition, they note that “inhibitory 
relaxation of such character [as that described above] indicates that the 
arrest of the dischargmg activity of the motoneuiones is in the earher 
penod of the relaxabou only partial, although by successive increase it 
finally becomes ‘total/ t e ultimately extinguishes discharge from all 
the motoneurones engaged in emitting motor impulses to the muscle ” 
They do not further mvestigate the question of the vanation m shape of 
the curve of inhibitory relaxabon 

In order to illustrate the effects of mtensity of stimulus upon the 
shape of the curve of inhibitory relaxabon (lengthening), figures from 
the latest senes of reflexes which I have measured for another purpose 
may be quoted (Table 2) In each case the mhibibon acta against an 
mibal extensor tone, and not against the artificially evoked extensor- 
reflex Save m the case of observabon 7 (extensor tone 17 0 Tnm ), the 
mihal tone is comparabvely steady — ^the maximum (observabon 3) 
being 28 75 mm , and the mmimum (observabon 9) being 21 0 mm In 
this experiment the durabon of the mhihibng stimulus was 2 sec , and 
its intensity was progressively raised m consecubve reflexes At low 
intensibes, the curve of inhibitory relaxation was convex upwards— fall 
of the curve towards the axis of abscissa denoting mcrease m relaxabon 
Oength) of the muscle An mtermediate intensity of stimulabon evoked 
a relaxation the curve of which was sigmoid durmg the 2 sec of its 
durabon— at first convex upwards and then concave With strong 
rn LxnL lo 
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The rate of the rapid relaxation — 18 mm m 0 23 sec — ^is slower than 
that of the mechanical fall of the lever when suddenly disconnected from 
the muscle (32 mm m 0 1 sec ) and one out of many possibihties is that 
the difierence m those two rates of fall may he due to the mechanical 
resistance of the shortened muscle to the distortion of its own shape 
dunng lengthemng But this comparatively small difference in speed of 
fall IS of a qmte different order to the difference m speed of fall between 
the relaxation durmg inhibitory stimulation and the terminal relaxation 
here illustrated 

The inference seems to be that m certam circumstances the discharge 
of the extensor ‘‘ half-centre ” is capable of ceasmg with great snddenne*=s 
— ^perhaps instantaneously, but that the cessation of discharge dunng 
the inhibition which is part of the same-sided flexion-reflex is normally 
a much more gradual process The mitial phase of inhibitory relaxation 
m the flexion-reflex — ^the phase which elapses before more or less com 
plete establishment of inhibitory relaxation — is a comparatively long 
drawn out one, whether the inhibition acts against extensor tone only 
or acts against the crossed extension-reflex, but m certam reflex condi 
tions the inhibitory relaxation may be established with great suddenness 
The prolongation of the mitial phase of extensor inhibitory relaxation 
in the flexion-reflex is therefore a pecuhanty of the reflex and not an 
inh erent property of the centre 

My own results therefore confirm those of Liddell and Sherrington 
that the rate of inhibitory relaxation of extensor muscles m the flexion 
reflex may exhibit wide degrees of variation, but they extend the ohsex 
vation by showmg that the variation is not due to any change in t c 
general condition of the preparation I have also found that m the case 
of mtense inhibitory stimulation the speed of relaxation does no 
markedly differ from the speed of relaxation m the tertninal relaxatio 
which I have figured m this paper In other words, if mtense mhibitmg 
stimuh are used, the rate of relaxation approximates to that m 
muscle preparation, and m the case of stimuh which evoke ^ ^ 
relaxation of small magmtude this approximation does not obtain 

The question, which is the mam object of this paper, may now e 
approached Is the shape (type) of the curve of inhibitory relaxation 

the same where the rates of relaxation differ? 

The shape of the curve of inhibitory relaxation gives the propo ion 
rate of estabhshment of the final effect Suppose th^t the process o 
establishment Tvas such that equal mcreraente of x 

equal penods of time, the shape of the curve would be rectihnear 
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by tbe ratios m column vi Wbere that ratio is less than unity, tbe rate 
of relaxation is greater in tbe second 1 0 sec of stimulation, unity itself 
would mean ecjual rates m tbe first and second 1 0 sec of inhibition, and 
values greater than unity denote a greater rate m tbe first 1 0 sec of 
stimulation As a matter of fact, m tbe later observations almost the 
whole of tbe inhibitory relaxation occurs duxmg the first 1 0 see of m- 
bibition, and comparatively httle relaxation occurs m tbe second 1 0 sec 
— the relaxation has become almost maximal durmg the first 1 0 sec of 
stimulation 

This then demonstrates tbe fact, seen in almost all well-graded 
isotomc senes of inhibitory relaxations, that both tbe gradient and shape 
of the curve of relaxation vary with tbe mtensity of tbe inhibitmg 
stimulus The inference is that tbe inhibitory relaxation at any 
given instant in tbe period of inhibition does not bear a 
relation of simple proportionality to the intensity of tbe 
stimulus which evokes that relaxation 

SuMiiAnT 

1 The discharge of tbe extensor “halt-centre” (mass of efferent 
neurones supplying extensor muscles which act on the anMe) may cease 
with great suddenness under certam reflex conditions {eg m the 
phenomenon of terminal relaxation after sub-maximal inhibition) 

2 In flexion-reflexes of sub-maximal mtensity, inhibitory relaxation 
of extensor muscles (as shown by the isotomc graphic method of registra- 
tion) may be comparatively slowly established 

3 These two different rates of inhibitory relaxation may occur m 
one and the same reflex graph (as here illustrated) 

4 The comparative slowness of inhibitory relaxation in the flexion- 
reflex of the hmd limb of the decerebrate cat is therefore not due to an 
inherent property of the spmal centres It is a property of the flexion- 
reflex as such 

6 Examination of graded senes of inhibitory relaxations (of extensor 
tone) m flexion-reflexes of varymg mtensity (t e evoked by stimuli of 
varying mtensity) shows that the rate of inhibitory relaxation (muscle 
lengthening) of the extensor muscles m the flexion-reflex increases 
with mcrease m the mtensity of the reflex {i e of the stimulus which 
evokes it) 

6 A graded senes of inhibitory relaxations (m extensor muscles 
durmg the flexion-reflex) evoked by stimuh of varying intensity may 
give curves the shapes of which vary in type with variation m the 
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intensities of stimulation the curve became almost purely concave This 
gradual change m shape of the consecutive curves was brought about 
by the progressively earher appearance of the pomt of ma ximum rate of 
relaxation as the mtensity of stimulation was mcreased 

This phenomenon can be demonstrated approximately by giving the 
ratios between the magmtudes of relaxation (lengthening) m the first 
1 0 sec and m the second 1 0 sec of the period of the inhi biting stimulus 
In the following table (Table II) the first column gives the number of 
the observation in order of mcreasmg mtensity of stimulation (this is 
also the order m temporal sequence) , the second column gives the amount 
of initial tone (x 4) measured m mm of reflex shortening, the third 
colu mn (marked A) gives the amount of relaxation (reflex lengthening 
X 4) durmg the first 1 0 sec of the period of inhibition, the fourth 
column (marked B) similarly gives the amount of reflex lengthemng m 
the second 1 0 sec of the period of inhibition, the fifth column (marked 
A ■]r B) gives the total relaxation m the 2 sec of inhibition the sixth 
column gives the ratio A B 


Table H 


i 

u 

m 

IV 

Inhibitor) relaxation 

A 


VI 

No of 

Initial 

f 

A 

B 

{A+B) 

Total 


obeerva 

tone 

0 0-1 0 sec 

1 0—2 0 sec 0 0—2 0 sec 

Ratio 

tion 

mm ( x4) 

mm ( X 4) 

mm ( X 4) 

mm ( X 4) 

{A B) 

1 

27 5 

00 

10 

1 0 

00 

2 

27 25 

06 

20 

25 

025 

3 

28 75 

1 6 

6 75 

7 25 

0 26 

4 

28 5 

4 26 

12 25 

16 5 

035 

6 

27 76 

66 

14 25 

19 75 

0 39 

6 

26 0 

75 

11 5 

19 0 

0 65 

7 

17 0 

11 0 

25 

13 5 

4 40 

8 

23 0 

16 5 

1 6 

18 0 

11 00 

9 

21 0 

16 25 

1 5 

17 75 

10 83 


It will be observed that the amount of relaxation in the first 1 0 sec of 
stimulation mcreases throughout the senes with mcreasmg intensity of 
stimulation , the amount of relaxation m the second 1 0 sec mcreases 
up to observation No 5, and thereafter decreases again , the total amount 
of relaxation in the whole penod of 2 sec inhibition increases up to 
observation No 6, and thereafter remains comparatively stationar}" 
In the earher observations, the major part of the reflex relaxation there 
fore occurs in the latter part of the penod of inhibition , whereas in the 
later obser\’’ations the major part of the inhibitory relaxation occurs in 
the earher part of the penod of inhibition This change is demonstrated 



UPON INHIBITORY RELAXATIONS EVOKED BY 
REFLEX STIMULI OF CONSTANT INTENSITY 
ACTING AGAINST VARIED MAGNITUDES 
OF EXTENSOR TONE 

Bt T GRAHA]!i BROYTX {Cardiff) 

{From the Physiology Cardiff) 

A sxrBHASCiiAi* flesioU'pxoducmg stimtQxis (repetitive faiadic shocks 
vnth a frequeucv of 20 pex sec continued fox a few seconds of time) 
evokes inhibitoxv xelavatiou of the tone of ankle extensois of the hmd 
limb to which the stimulus is apphed m a decerebrate cat If a crossed 
extension-reflex is in being at the time when this flexion-praducing 
stimulus IS apphed^ the Etrmulus evokes a similar mhibitoxy rdaxation 
of the reflex contraction of the extensors Inspection of a large number 
of graphic records of isotomc curves of such reactions cleady demon- 
strates dsflexence (at anv given instant m the period of inhibition) m 
absolute magmtude between the inMbitorv relaxation of extensor tone 
and that of reflex extensor contraction when these two ‘"backgrounds” 
of contraction are acted upon bv inhibitory stimuli of the same mtensity 
Sometimes the ‘ reflex ' relaxation is notablv smallei^ in magnitude 
than the “tome” more often the reverse is the case 

The writer suspected that measurement of the inhibitoxv relaxations 
m a senes of constant flexion-reflexes, where each acts against a diSereut 
magmtude of extensor tone might demonstrate a lack of simple pro- 
portional relationship between the magmtude of initial extensor tone 
and the magmtude of the inhibitorv relaxation to which it is subjected. 
In order to mvestigate this point, measurements which had pxevionslv 
been made of some reflex series for another purpose were examined. 

If a senes of crossed exteuHou-reflexes of mereasmg magnitude is 
evoked bv a senes of reflex stimuh each of which is of greater intensitv 
than its immediate predecessor and if the stimulations of the senes last 
each for 2 0 sec (e ^ ) and are apphed at regular mtervals of 2 mm the 
residual extensor tone which is m bemg at 1 mm {eg) after each reflex 
of the senes often shows m^rease m magnitude as the senes progresses 

» A piibL-W in uwv'oui [Gr&haci BTovn,Tin^ Jerara. 63. d 1S7 

1^7 (Fig I, on p F-*J)3 d-=5o:::£tr3 « thu. 
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intensity of stimulation That is, in these cases the inhibitory relaxation 
at any given instant m the penod of inhibition does not bear a relation 
of simple proportionahty to the intensity of the stimulus which evoLes 
that relaxation 

The expenses of this research were defrayed m part by grants from the Govemment 
Grants Committee of the Royal Society and from the Medical Research CotmciL 
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UPON INHIBITORY RELAXATIONS EVOKED BY 
REFLEX STIMULI OF CONSTANT INTENSITY 
ACTING AGAINST VARIED MAGNITUDES 
OF EXTENSOR TONE 

By T graham BE0*WN [Cardiff) 

[From the Physiology Institute, Cardiff) 

A suBMAXULAX flexiou-produciiig stinmlus (repetitive faradic stoclcs 
with a frequency of 20 per sec , continued for a few seconds of time) 
evokes inhibitory relaxation of the tone of ankle extensors of the hind 
hmb to which the stimulus is apphed in a decerebrate cat If a crossed 
extension-reflex is in being at the time when this flexiomproducmg 
stimulus IS apphed, the stimulus evokes a sinular inhibitory relaxation 
of the reflex contraction of the extensors Inspection of a large number 
of graphic records of isotomc curves of such reactions clearly demon- 
strates difierence (at any given instant m the penod of i nhibition) m 
absolute magnitude between the inhibitory relaxation of extensor tone 
and that of reflex extensor contraction when these two ‘‘backgrounds” 
of contraction are acted upon by inhibitory stunuh of the same intensity 
Sometimes the “reflex” relaxation is notably smaller^ m magnitude 
than the “tome” , more often the reverse is the case 

The writer suspected that measurement of the inhibitory relaxations 
m a senes of constant flexion-reflexes, where each acts against a different 
magmtude of extensor tone, might demonstrate a lack of simple pro- 
portional relationship between the magnitude of imtial extensor tone 
and the magmtude of the mhibitory relaxation to which it is subjected 
In order to mvestigate this pomt, measurements which had previously 
been made of some reflex senes for another purpose were examined 
If a senes of crossed extension-reflexes of mcreasmg magnitude is 
evoked by a senes of reflex stunuh each of which is of greater intensity 
than its immediate predecessor, and if the stimulations of the senes last 
each for 2 0 sec (e ^ ) and are apphed at regular mtervals of 2 nun , the 
residual extensor tone which is in being at 1 niTn (eg) after each reflex 
of the senes often shows mcrease m magmtude as the senes progresses 

figure published m a previous paper [Graham Browih This Jourtu 63 p 187 
1927 (Fig 1, on p 190)] demonatrates this * 
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An initial tone of less than 4 mm (this figure representing true shortening 
of the muscle x 4) at the commencement of the senes of extension re- 
flexes may rise to a tone of more than 27 mm after the 6th member of 
the senes If, now, flexion-producing stimuh of constant mtensity (re^ 
petitive faradic shocks contmuing m each case for 2 sec ) are apphed 
mid- way m the intervals between the ascendmg senes of extension 
reflexes, the inhibitory effects produced by them will occur against 
increasing back-grounds"' of extensor tone 

Comparatively great vanation m initial extensor tone, and the use 
of a clearly sub-maximal inhibition to produce the relaxations, are 
conditions for the present experiment When these conditions obtain, 
a simple manner of demonstratmg the presence or absence of a relation 
ship of simple proportionahty between the magnitude of inhibitory re- 
laxation and the magmtude of the extensor tone which is relaxed is given 
by calculation of the ratio — relaxation imtial tone 

The magmtudea of the mitial tone and of inhibitory relaxation are 
obtamable from isotomc records by measurmg the heights of pomts in 
the reflex curve above an arbitrary base Ime which is drawn mechanically 
durmg the registration of the reflex From these magmtudes a constant 
has to be subtracted — this constant is the similar height (above the 
arbitrary base Ime) of the curve when the extensor is m its maxmiai 
relaxation 

The foUowmg table (Table I) gives the results of such an experiment 
The first column gives the number of the observation m tempo^®^ 
sequence, the second column {A) gives the magnitude of mitial extensor 
tone which obtamed just before^ the commencement of a constant m 
hibitory stimulus , the third column (jB) gives the amount of relaxatioil 
of this tone which had occurred 2 sec after the commencement of the 


Table I 


2 

21 

lii 

IV 

Order in 
time 

Initial tone 

w 

mm ( x4) 

Relaxation at 

2 0 see 
(B) 

mm ( x4) 

(B A) 

1 

3 76 

20 

0 63 

2 

0 75 

2 75 

0 41 

3 

90 

46 

0 50 

4 

16 5 

9 75 

0 53 

5 

21 5 

14 25 

0 00 

G 

23 5 

9 75 

0 41 

7 

27 5 

15 76 

0 57 


^ The tone had been maintained steadily at the given magnitude for some time bef 
the commencement of inhibition 
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inhibitory Etunnlns, the fourth column [B A) gives the ratio ohteined 
];)y dividing “tliG ty tliG miti&l tfOUB 

In this experiment, which was obtained m a decerebrate cat about 
4 hr after decerebxation, it will be observed that the initial tone nses in 
the same order as the temporal sequence of the inhibiting reflexes In 
another similar experiment, obtamed m the same cat about 40 mm 
later, the tone was more vanable in relation to temporal sequence 
(Table ny—thus excluding, to a certam extent, the possibibty of 
“fatigue” factors from compbcatmg the results 

The description for Table I appbes equally to Table II 


Table IL 


1 

u 

Initial tone 

111 

PelEixation at 

2 0 w. 

IV 

Order m 

U) 

(B) 


time 

mnL ( 

mm ( x4) 

{B A) 

1 

3 75 

1 75 

0 47 

9 

65 

15 

0 23 

1 

85 

175 

0 21 

10 

10 75 

20 

0 19 

8 

16 0 

325 

0 20 

3 

18 0 

30 

0 17 

5 

210 

45 

0 21 

4 

250 

5 25 

0 21 

6 

25*75 

5 0 

019 

7 

28 25 

6 o 

023 


The comparative constancy of the ratios given m the fourth columns 
of these two tables (excepting the first ratio in Table H) is somewhat 
remarkable m view of the possible sources of error Constancy of this 
ratio means that the inhibitory relaxation bears a relation of simple 
proportionahty to the magmtude of tone which is subjected to the 
inhibitory relaxation Reflex stimnb of the same mtensities actmg 
agamst differmg magmtudes of extensor tone might conceivably always 
give the same magmtude of inhibitory relaxation, or conceivably they 
might always relax (lengthen) the muscle until the same absolute magm- 
tude of residual contraction remamed in each case, or inhibitory re- 
laxation might vary m magmtude with vanation m the magmtude of 
the mitial tone The measurements here given show that, at any rate at 
this time m this particular expeninent, the third of these three possi- 
bihties obtained Tbe inhibitory relaxation vanes here proportionally 
with the initial tone, and the relationship is approximately one of simple 
proportionahty stimub of constant mtensity here cause inhibitory re- 
laxations of approximately equal proportions of the mitial tone 
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This experiment is described here largely because, m itself compara 
tively convmcmg, the result is not what was anticipated It must how 
ever be taken without prejudice to the observation that a relationsbp 
of simple proportionality does not necessarily obtam between the in 
hibitory relaxations evoked by the same stimulus agamst initial tone 
alone on the one hand, and against extensor reflex contraction on the 
other hand Nevertheless the occurrence here of approximately this 
special relationship of simple proportionahty is a stnkmg one To argue 
on the basis of a similar relationship of simple proportionahty between 
the magnitude of reflex shortenmg or lengthe nin g and the magnitude of 
the mcrease of discharge (^‘excitation”) or decrease of discharge (“in 
hibition*’) m the spmal centre would be rash But it may be noted that 
a relationship of simple proportionahty between excitation and inhibition 
will obtam m the centre if the nerve impulses which condition inhibition 
are conveyed m a haphazard manner to dischargmg and non-dischargmg 
efferent neurones But agam there are, no doubt, many other possible 
functional arrangements m which this relationship will also obtain 

Summary 

1 An experiment is described m which the mhibitions evoked in 
a senes of constant sub-maximal flexion-reflexes act against imtial 
extensor tones of different magmtudes The inhibitory relaxations thus 
produced are of greater magmtude the greater is the mitial tone But 
treatment of the measurements obtamed in this expenment shows that 
the relaxations m each instance are approximately the same ratio of 
the initial tones which are relaxed 

2 In this expenment there is an approximately close relationship 
of simple proportionahty between the magnitude of inhibitory relaxation 
and the magmtude of precedmg initial extensor tone 

The expenBcs of this research were defrayed in part grants from the Government 
Grants Committee of the Ro^al Society and from thp Medical Research Couned 



THE DEPRESSOR (VASO-DILATOR) ACTION 
OF ADRENALINE 

Bt H H DALE and A. E RICH ARDS {Phladdpha) 

{From the National Institute for Medical Research, Hampstead ) 
Intbodtjctoey 

Ik a xeceut paper, maioly concerned 'Witt tlie action of lastatnine, Burn 
and Dale(i) described some espenmeuts on tlie vaso-ddatoi action 
produced m Carnivora by small intravenous injections of adrenaline 
They observed an apparent contrast between the efiects of injections so 
given, and mjections of equal amounts of adrenaline made centrally into 
the left subclavian artery The vaso-dilator effect following the venous 
was regularly greater, and quicker in onset by some 6 sec , than that 
following the artenaL injection They mterpreted this difference as an 
indication that the vaso-ddator effect was not due to the direct action 
of adrenaline, but to that of a histamine-hke prmcaple hberated from the 
lung as the adrenaline pEissed through its vessels This conclusion was 
the more attractive, m that it appeared to throw hght on the difficulty, 
which we had mdicated some years ago (2), m reconcflmg this vaso- 
dilator action of small doses of adrenahne, or of larger doses very slowly 
mjected, with the evidence suggestmg that adrenahne is a factor m the 
mamtenance of vascular tone, especially m vessels which have regamed 
their tone after denervation Burn and Dale’s suggestion seemed to 
gam further mterest from the recently published observation by Best, 
Dale, Dudley and Thorpe, that the lung is distmguished among the 
organs of the body by the high yield of histamme obtamable from it, by 
simple alcohohc extraction It was m the hope of obtainmg further 
evidence concerning the ongm of this histamme m the lung, and on the 
mechanism of its supposed hberation m response to adrenaline, that the 
experiments here described were undertaken It will be seen that their 
mam outcome has been to show that Burn and Dale’s results were due 
to a techmcal error, and to remove any ground for the suggestion that 
the lung has any special function of hberatmg histamme or any other 
vaso-dilator substance mto the blood stream, m response to adrenahne 

pmiiXiu 
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ExPERIMENTAIi RESULTS 

1 Adrenaline vaso-dilatation in the dog Burn and Dale had made 
their artenal injections into the central stump of the subclaviaii arteiy, 
after tying ofiE, as they supposed, all the branches between the cannula 
and the ongm of the artery from the aortic arch We shall return to this 
pomt later At the outset of our experiments we wished to exclude the 
possibility that part of the mjection might be left in the subclavian 
artery, and that a significant reduction of the quantity reaching the 
aortic stream immediately might thus be produced With the object 
of avoiding this, and of mtroducmg undoubtedly equal doses under hie 
conditions into the blood, before and after its passage through the lungs, 
We decided to compare the effects of equal mjections into the right and 
left auricles respectively In the cat we found this method impracticable 
Exposure of tbe heart m this species, either by laying the chest open 
under artificial respiration, or by Drinkex's(3) method of brmgmg the 
heart to the surface, so alters the conditions of the circulation that the 
depressor, vaso-dilator effects of adrenaline can no longer be demon 
strated In the dog, on the other hand, the depressor effect is still pro- 
duced, in typical form, with the chest open 

The dogs were first aneesthetised with ether, and chloralose was then 
given mtravenously m such a dose that, with a httle ether added to the 
air supphed by artificial respiration, a deep anaesthesia was maintained 
The chest was opened by sphtting the sternum, and mjections could then 
be made by inserting the needle of tbe syrmge alternately through the 
wall of the nght and of the left auricular appendix Big 1 shows the 
results of such a pau of mjections The fall of blood-pressure resulting 
from mjection mto the left side of the heart was practically identical 
with that caused by injection into the right side, it was certainly not 
smaller and followed the injection at an interval shorter by 1 or 2 sec 
There was no sign of the contrast described by Burn and Dale Later 
we compared the effects of mjections made by a method more neatly 
resembhng that used by Burn and Dale The blood of the dog having 
been rendered mcoagulable by an mjection of hepann, a cannula made 
of thick-walled capillary glass tubmg (thermometer tubmg), big enough 
to fill the lumen of the left subclavian or carotid artery, and closed at 
its outer end by means of a clamped rubber tube, was pushed down the 
central end of the artery, till its open tip rested m the lumen of the 
aortic arch, or, m some cases, m the upper part of the thoracic aorta 
The cannula was then tied m position by a thread round the artery near 



DEPRESSOR ACTION OF ADRENALINE 203 

the point of insertion It had previously been filled with salme, and ite 
Tolmne had been determined, so that a corresponding addition to the 



Hg. 1 Dog Ether Chloralose 
Chest open. Carobd B P Injection of 0 1 mgnu adrenaline. 

At A into right auncle at B into left anncle. 

volume of adxeualme solution delivered mto it from a synnge compen- 
sated accuratelv for tins dead-space Equal mjections of a 1 m 100,000 
solution of adrenalme were then made alternately mto the lower end of 
the jugular vein, and directly mto the aorta through the capillary 
cannula Again there was no significant difference m the depths of tiie 
depressor effects, and again the fall of pressure following the aortic 
injection had a latent penod shorter by a second or two than that follow- 
ing the jugular injection 

The results were so completely different from those obtained m the 
cat by Burn and Dale, that it was obvionsly necessary to repeat the 
experiments m that species with the improved technique 

2 Adrenaline laso-dilatation tn the cat We prepared and cahhrated 
capillary cannulse, similar to those used m the dog, but of sizes suitable 
for the cat’s artenes, and with them made injections mto the aorta of 
the heparmised cat, aneesthetised with ether The venous mjections 
were made, as before, by a cannula mserted mto the external jugular 
vem, close to its entry into the superior vena cava In some experiments 
cats were used m which one sciatic nerve had been cut asepticahy under 
ether (by H HD ) some days previously, the leg so denervated being 
enclosed m a plethpmograph connected to a Brodie’s bellows, for a 
direct record of the vaso-dilator effect Three experiments maybe quoted 

1^2 
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Fig 2 Cat. Ether 

Injection of 0 003 mgm, adrenaline. At A into 
the jugular vein, at B into arch of aorta. 
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In tlie first the arterial capillary cannula was passed down the left 
snhclavian artery, so that its tip lay m the arch of the aorta A dose of 
0 003 mgm of adrenaline mjected 
mto the jugnlar vem caused a 
fall of artenal pressure practically 
identical TOth that caused by the 
same dose mjected mto the aortic 
arch (Fig 2) There was no such 
contrast as Burn and Dale ob- 
served The latent penod, more- 
over, of the effect foUowmg artenal 
mjection was the shorter 

In the second experiment a 
larger artenal cannula was pushed 
do wn the nght carotid artery, 
and its tip gmded past the bend 
of the aortic arch, so that it 
rested, as post-mortem exanuna- 
tion showed, m the thoracic aorta, about 2 cm below the ongm of the 
left subclavian artery The volume of the left hmd leg, m which the 
sciatic nerve had been cut four days previously, was recorded, as well 
as the pressure m the left carotid artery Fig 3 shows the effects 
produced by a venous and an artenal mjection, each of 0 0032 mgm 
adrenalme The fall of artenal pressure foUowmg the artenal injection 
ifl, m this case, distmctly larger and has a shorter latency than that 
followmg the venous mjection The effects on the volume of the de- 
nervated leg show no definite differences 

In the third experiment we did not aim at companng the effects on 
the general artenal pressure folio wmg the two forms of mjection Our 
mam object was to study the dimensions and promptitude of the vaso- 
dilator response of a denervated hmd leg, to mjections made, on the 
one hand, mto the general circulation through the jugular vem, and, on 
the other, mto the artenal stream just before it reached the leg A suit- 
able capillary cannula was, therefore, pushed up the nght ihac artery, 
so that its tip rested between the ongm of the infenor mesentenc artery 
and the bifurcation of the aorta The denervated left leg was enclosed 
m a plethysmograph for a volume record, and the artenal pressure re 
corded from the carotid artery Fig 4 shows the results It will be seen 
that the mjection of 0 0004 mgm of adrenalme mto the aorta just above 
its bifurcation, so that a large part of the dose was earned straight 




Fig 3 Cat Ether 

Volume of denervated leg and carohd B P Injeobon of 0 0032 mgni 
adrenaline. At A into jugular vein, at B into arch of aorta. 



-Pig i. Lat, Ether 

^enervated left leg and 

caroua at- At J 0 0004 mgm adrenaline into lower end of aorta, at B 0-002tZ: 

adrenaline by jugular vein. nigm. 
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to tlie vessels of tlie denervated leg, caused a conspicuously larger 
expansion of tlie leg, with a much shorter latent period, than that follow- 
ing the venous mjection of a dose five times as large Naturally the 
effect on the general blood-pressure was much greater with the venous 
injection 

It IS perfectly clear, then, that the vaso- dilator effects which we are 
considering result from the arrival of adrenaline itself in the arterial 
blood of the organ exhibitmg the effect, they are not secondary to the 
liberation of a vaso-dilator substance m the lung or m any other organ 

3 The source of the earlier error Burn and Dale supposed that they 
had hgatured all the branches of the subclavian artery between the 
cannula and the aortic ongin A simple post-mortem inspection of the 
collapsed artery after death seemed to confirm this In a few expen 


ments we followed their procedure, 
and observed the relative mefficacy 
and delay m effect of mjections made 
centrally mto the subclavian artery 
with all accessible arteries tied Our 
suspicion was aroused, however, by 
the discovery that when doses of 
histamme were mj ected, much smaller 
than those which Burn and Dale 
had used to control their techmque, 
a similar contrast between the effects 
of venous and artenal mjections ap- 
peared In such cases we killed the 
animal and mj ected the subclavian 
artery from its aortic ongm with a 
plaster cream It then became clear 
that the vertebral artery had its 
ongm so low m the chest that it 
could not be reached without openmg 



the pleura, it ivas still patent, and ^ Injected specimen of left sob 

the artery which had been ligatured, clavian artery and branchca of cat 

Md mstaten .« for the Terte- 

bral owing to the similar direction ana V \ crtcbral artery S C Sub 
of its mam branch, was the costo- 

cervical axis (Fig 5) The ■weakening of the efiect, by the supposed 
Ultra-aortic injecfaon, had clearly been due, therefore, to the diversion 
of the injection through the vertebral artery to the brain, from -whicli 
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It letuined leduced m quantity, to produce a -weakened and delayed 
efiect 

i An abnormal depressor effect of adrenaline We are convmced that 
the effect \?bich vre have dealt vnth above, and ‘vrhich is obviouBly due 
to a peripheral vaso'ddatox action, rs the depressor effect of adrenaline 
which numerous observers have studied m the cat and the dog In the 
cat we have not observed a depressor adrenaline action of any other 
type In the dog, however, we have in two experiments observed a 
depressor action of an obviously different nature, occuning under special 
conditions At first we were deceived by its resemblance to tbe ordinary, 
penpheral effect, and, smce others may encounter it, it seems desirable 
to mention it In a dog under chloralose anaesthesia, with a little added 
ether, the chest had been opened We had tied both carotid arteries 
and had passed a cannula down the right one into the aortic arch Both 
vagi had been cut Prehnunary comparisons of tbe effects of venous 
and arterial mjections, had given results similar to those described 
above, though the effects were rather weak A cannula was then tied 
into the central end of the right subclavian artery ]ust beyond the ongin 
of the internal mammary, which was then tied, the vertebral being left 
open The left subclavian artery was then tied, proximally to the ongm 
of its vertebral branch, so that the hram of the dog then received blood 
only through the still open nght vertebral artery The tying of this last 
ligature was followed by a rapid nse of the artenal (left carotid) pressure 
to a high level, from which it had subsided but little when the experi- 
ment was temnnated hy ktllmg the animal The only apparent cause 
for this was the restnction of the blood supply to the bram, acting as 
a stimulus to the vaso-motor centre Under such conditions a new 
and very powerful depressor action of adrenahne appeared, quite 
obscunng what was left of the penpheral vaso-ddator action The place 
of ongm of this effect was made evident by the facts that it was most 
pronounced, and least comphcated by an initial pressor phase, and 
occurred with the shortest latent period, when the injection was made 
centrally mto the nght subclavian artery, so that the small dose of 
adrenaline was earned directly mto the still open nght vertebral artery 
Next m order of effectiveness, and shortness of latency, was mjechon 
mto the jugular vein near its entry into the supenor cava Least effective, 
and most delayed m its effect, was injection mto the aortic arch Pig 6 
gives a comparative record of the effects of equal mjections by these 
three routes We have not analysed this effect farther Smce we have 
only obser\cd it when the tone of the vaso-motor centre has thus been 
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raised, hy restricting its blood supply, an effect of adrenaline on this tone 
seems the most probable explanation This might be a direct eSect of 



Fig 6 Dog Ether Chloralose 

Abnormal depressor effects For description see text. Injections of 0 005 mgm adrenaline. 
At A into jugnlax vein, at S into aorta, at C mto vertebral artery through right BnhdavlaD 

adrenaline itself on the nerve-cells, or the secondaiy effect of an action 
on the tone of the vessels carrying blood to them If the effect were of 
the latter kind, the action of adrenaline on the vessels niust he a dilator 
one , that vaso-constnction could not produce it seems to he proved by 
the fact that clamping the remaining vertebral arteiy, so as to reduce 
the blood supply to an anastomotic remnant, had no such effect "We 
have not, hoTvever, excluded the possibility of a secondary chemical 
effect It 18 3 ust possible that the passage of adrenahne through the 
intracranial vessels might result m the hberation of a dilator substance, 
the effect of which only becomes obvious when the general vascular tone 
has been artificially raised Schafer and Macdonald hare already 
drawn attention to the histamine content of the pituitary body m such 
a connection Whatever its nature, however, the effect xmder discussion 
IS an abnormal one, and is not the vaso-dilator action of adrenaline seen 
under the ordinary conditions of expenment on the amesthetised dog 
or cat 

5 Adrenaline vaso^ddaiahon in artificial perfusion One of the 
considerations which led to the search for an indirect mode of action, 
to explam the vaso-dilator effects of adrenaline, was the failure to dC' 
monstrate this effect on artificially perfused organs, e^en with the 
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smallest effective doses We have recently removed this difficulty also 
In two experiments we have perfused the hind limh of a cat with fresh 
defibrmated cat’s blood, the methods of perfusion, and of recording the 
venous outflow and the volume of the limb, bemg m all details identical 
with those used by Burn and Dale In both instances the vessels of the 
preparation acquired, early m the experiment, a remarkably higlrtone, 
so that the resistance to perfusion became great, and the perfusion 
pressure had to be raised to a high level to secure an adequate flow and 
prevent a rapid contraction of the hmb volume The vessels responded 
promptly by dilatation to small doses of acetyhcholme and histamine, 
mjected mto the blood stream ]ust before it entered the arterial cannula 
Similar mjections of very mmute doses (0 00005 and 0 0001 mgm ) of 
adrenahne were then given, and, in both experiments, these regularly 
produced a small but qmte defimte dilator effect, followed by a slower 



Fig 7 ^ecua perfusion of cat’s fund Umb mth defibnnated blood. Record sbo,™ 
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constriction The third section of Pig 7 shows such an effect, tie 
effects of 0 001 mgm of acetyl- chohne and of histamine being shown 
for comparison m the first and second sections The dilator effect of the 
adrenahne on the limb volume is quite defimte, and the acceleration of 
venous outflow correspondmg to it is just perceptible, though naturally 
small It is at least suflicient to exclude the possibility that the ex 
pansion nught he due to venous constnction 

These various experiments make it clear that, whatever the precise 
mode of its action, the vaso-dilator effect produced by small doses of 
adrenahne is due to the arrival of that substance itself m the arterial 
stream, and its entry mto the small vessels of the organ m 'which the 
reaction occurs, and not to the hberation of vaso-dilator substance in 
the lung, or m any other organ The question still remams as to the 
nature of the substance m the blood which mamtains, in the denervated 
minute vessels of the hving animal, or m those of the severed hmb in 
such experiments as those just described, a tone which small doses of 
adrenahne temporarily relax Hitherto it has seemed most reasonable 
to attnhute this tone to adrenahne circulating m the blood, and the 
question still remams, which we propounded some years ago (1918), 
whether it is conceivable that the presence of adrenaline, in minute, 
steady concentration, can mamtam a tone which a further, small, 
sudden injection of the same substance will relax No answer can as 
yet be given 

CONCLUSIOJJ' 

The contrast descnbed by Burn and Dale, between the vaso- 
dilator effects produced by small doses of adrenahne given by venous 
and artenal injection respectively, was the result of a technical error, 
and their suggestion that the effect was due to hberation of a histamine 
like substance from the lung is accordmgly not valid The vaso dilator 
action of adrenahne in the Carmvora, hke its vaso -constrictor effects 
m all species, is due to a peripheral action 
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THE ACTIOH OF HISTAMINE ON THE BLOOD 
VESSELS OF THE RABBIT 

W FELDBERG, 3LD {Berlin) 

[From the National IvMifuiefor Medical Ecj^earch, Eamff^lead, N V? 'i) 

OirE of tlj6 in. tli<i action of lia? tccn its failure to 

■produce in rod'Tit'®, tmdet tlic ordinary conditions of expenment, tlie 
depressor, vasO'dilatoT action ‘vrhicli is an outstanding feature of its 
action m Carnivora On art^nal blood-preF^^tne of tte rabbit, deeply 
ana^b^tis^ vntli etber or uretbane^ it appears to produce very bttle 
eS'^ct in the small intravenous dose? fO 001— 0-01 mgm ) Trhich cause 
Funp]^ V 2 ro-dilator eSe^ds m the cat or dog under similar conditions, 
m do*e? 0 mgm ) it produces a nse of pressure, obviously 

due to art^enal constriction In the exceptional cases v’hen, in the earher 
stages of the action of urethan*" large do^ of histamme v'ere obser# ed 
to cause a sudd^m fall of arterial pressure m the rabbit, Dale and 
LaidlaTTfi) found that this vras dne to failure of the right side of the 
heart, the result of pulmonar^ obstnictiom and the action vras ac- 
cording!^ not comparable to the vaso-dilator depression s^^n m the 
CamiYora 

The point has gained m importance through the suggeded r^^lation 
of the dHator action of histaravne on the minute blood vessch^, including 
the capUane-, to the hyp^rirmia evoked by traumatic stimulation or 
fiiTjc^onal actintr of the tissues A large body of evid^^nce in this 
dirc^on, rhi«*fli. from exp^enm^nts on man^ has b^^en produced during 
years, particularly by Levrxs and his co-vork^rs<2) It seems 
highW improbable that a reaction of such general physiolo^cal import- 
aro ^hfjola be produced hr an entirely difierr^nt mechanism m the r^^ent 
froif that re^jon«"ihle for its apj^earance m the Carnivora, m man and in 
amrnah Accorrung to Levels and llarvinCj mdeed, a super- 
p jcrVure through a drop of dilute (1 10,000) histamine solution, 
imo the ^j{ gn unamesthetred rabbit e^ohe^ a typical 

local L"’pe*-rrni 2 ;r ^ Xfae failure to ob^erre a depre^'^or eg#>fv^ 
art^nal p-e'-ure, corre^oonding to thr local dilator a^on, might be 
due (1; to a r^nr-ioa of thn type of reac^on to certain sbn ax^-, or 
(2; in -nch depre-^on of the tone of the capillane*^ b^ the anj33cthet^c5 



212 


W FELDBSRG 


employed, that histamine no longer produced an efiective dilatation, 
but showed only its constrictor effect on the arteries I have accordingly 
examined the efiect of histamme on the arterial pressure of rabbits 
ansesthetised with chloralose, an ancesthetic which seemed less likely 
to weaken the physiological tone of the capillaries, or decerebrated under 
ether, which was subsequently removed by artificial respiration with 
pure aix I have also observed the effect of mjections of histamine into 
the general circulation, without ausesthesia, on the vessels of the com- 
pletely denervated ear of the rabbit 

Experimental 

1 Rabbits under chloralose The rabbits were anaesthetised by slow 
mjection mto an ear vem of a warm, saturated solution of chloralose m 
physiological salme solution The mjection was so regulated as not to 
produce stoppage of the respiration When 10 c c per kgm had been 
mjected the rabbit was left for about 10 mm , and was then foimd to be 
deeply anaesthetised The artenal pressure was recorded from a carotid 
artery and m] actions made through a cannula tied mto the femoral vem, 
or, m some cases, by a hypodermic needle mto the vem of an ear The 
vagi were cut In rabbits so prepared, with a steady artenal pressure 
of moderate height (70-100 mm ), mjections of histamme m quantities 
from 0 02-0 06 mgm produced, m nearly all cases, a clear fall of artenal 
pressure Smaller doses (0 01 mgm or less) never produced any defimte 
effect, so that the reaction was very much less sensitive than that seen 
m the Canuvora In two rabbits only, histamme caused a nse of artenal 
pressure, followed by a more prolonged fall 

The effects have not been completely analysed In most cases a 
smooth curve of depression, like that shown m Fig 1, was produced In 
others the mjection was followed by a more sudden prehnunary fall, 
which, on the analogy of the effects of larger doses on the cat^, could be 
regarded as probably due to pulmonary constnction, this was followed 
by a small secondary nse, which never earned the pressure back to the 
ongmal level, and this was followed by the mam depressor phase of the 
effect Fig 2 shows an effect of this more complex type The occurrence 
of all intermediate forms, between the simple pressor and the simple 
depressor effect, justifies the assumption that in the rabbit, as in the 
cat, histamme has two actions, a ^ aso-constnetor and a \aso-diIator 
action, operatmg at different levels in the vascular branchings 

1 See Dale and Laidlaw This JonriL 52 p 355 1910 

2 Cf Dale and Richard* (4), Barn and Dalewi 
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2 Spnal rabbits The rabbits were fully ansesthetised with ether, 
an opening was made in the skull and the whole bram, including the 




Hg 1 Rabbit Chloralose. 
Carotid B P 


Fig 2 Rabbit. Cbloralose Carotid B P 


respiratory centre, was destroyed Artificial respiration with, pure air 
was then apphed, and arrangements made for record and mjection as 
in the experiments under chloralose Four such experiments were made 
The artenal blood-pressure m these spinal animals was naturally low 
(30-40 mm,) Nevertheless, m two out of the four experiments, mjections 
of histamine produced depressor effects of the same general type as 



Fig 3 Spinal rabbit Carotid B P 

those seen under chloralose (Figs 3 and 4) In the third rabbit histamine 
produced a purely pressor response In the fourth rabbit the first m- 
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jection (0 04 mgm ) caused a small fall of pressure ioUowed by a return 
to a level above that before the injection, with successive injections the 



Fig 4:. Continuation of Fig 3 


depressor phase then became smaller and the pressor phase increased, 
until it became predominant 

3 Rabbits tinder ether In most cases tbe effect observed was the 
pressor action described by previous observers In one case, however, 
in the early stage of the experiment, when the ether anaesthesia was 
bght though effective, histamme showed a small depressor action, later 
m the same exjienment, when the anaesthesia had lasted longer and 
become deeper, this was replaced by the pressor effect, which then per- 
sisted though the quantity of ether administered was reduced 

4 Rabbits tmthoui ancesihesta When histanune is mjected, in a dose 
of 0 02~0 05 mgm , mto the lateral vein of one ear, the other ear can be 
seen to flush after a few seconds The wide spontaneous vanations m 
the vessels of the rabbit’s ear make it diffi cult, however, to be certam of 
the significance of such an event One ear was, therefore, denervatcd 
completely m each of three rabbits, by removmg the superior cervical 
ganghon and cutting both the great and small auricular nerves This 
operation was performed under deep antesthesia with ether and with 
complete aseptic precautions When the small woimds had healed 
completely, and sufficient time had elapsed for complete degeneration 
of the nerves, these rabbits were then used for observations with hista- 
mine The vessels of the denervated car show some variation in cabbrc, 
constricting if the rabbit is excitei Their tone, howev er, is much more 
stable than that of the vessels of the normally innervated ear, showing 
none of the normal spontaneous rhythm (C), and the changes produced 
m response to histamine are unmistakable The ear was carefully shaved, 
and spread out for observation m front of an opal glass electric light 
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bulb The number and \ndth of the visible venules ^vas noted, and also 
the general colour-tone of the tissues between the visible vessels A dose 
of histamine (0 OS-0 05 mgm ) was then mjected mto the lateral vein of 
the other (normal) ear The first visible effect, following the injection 
after 5-10 sec , was a narrowing of the central artery of the ear Almost 
sunultaneously it could be seen that the number of visible venules had 
increased and that those previously visible were fuller, while the general 
colour of the tissues between the visible vessels had become notably 
redder Both effects — axtenal constriction, and capillary dilatation with 
widenmg and of the veins — ^wexe visible in all cases, and followed 
every mjection Their relative prominence, however, vaned In some 
instances the arterial constnction was severe, and the general reddening 
and venous filling coxrespondmgly small, m others the arterial constnc- 
tion was slight, and the general dilator effect very pronounced The 
dilatation lasted for 30 to 60 sec , and then faded The character of the 
reaction, with respect to the ptedommance of arterial constnction or 
capillary dilatation, seemed to be fairly constant m the same rabbit, 
the ear which showed a very pronounced dilator reaction at one m- 
jection would, apparently, give a similar reaction at each succeeding 
injection. 

Discussion 

It will be seen that the results of direct observation of the changes 
m the ear-vessels support the assumption, made to explam the varjung 
eSects on the artenal pressure, that histamme has a dual action on the 
rabbit’s vessels — a constrictor effect on the visible arterial branches, and 
a more penpheral dilator effect, spreading on to the capillaries This 
brmgs its action on the rabbit’s vessels mto hne with what was pre- 
viously known of its action on those of the cat In both cases we have 
a less penpheral constnctor and a more penpheral dilator action. The 
strikmg differences apparent between the action of histamme m these 
two species, under the usual conditions of experiment, axe evidently the 
result of the relative prommence of these two effects, and the way m 
which they are modified by the influence of the anaesthetic In the cat ether 
appears rather to enhance than to depress the capillary-dilator effect of 
histamme The tone of the small vessels of the cat under ether is usually 
very strong, and the artenal pressure correspondingly high Under such 
conditions the effect of histamme has the aspect of a pure vaso-ddatation, 
resulting m a simple fall of blood-pressure, pronounced m degree, and 
stai perceptible with extremely mmnte doses Only with large doses of 
histamme does artenal constnction compheate the vascular effect in 
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this species The capillary tone in the rabbit appears to be normally 
weaker, and to be readily depressed by such anaesthetics as ether and 
urethane Histamine m this species produces no visible effects until the 
dose IS raised to a pomt at which arterial constriction comphcates the 
effect, and often becomes so predommant as to obscure altogether the 
effect of the more peripheral dilatation That the latter nevertheless 
exists, and may under appropriate conditions determme the effect of 
histamine on the arterial pressure and on the resultant vascularity of 
a tissue, IS demonstrated by the results here recorded It may be added 
that the sudden mjection of measurable quantities of histamine mto the 
general circulation cannot be taken to represent, even crudely, the 
maimer m which it may be supposed to come mto action under physio- 
logical conditions Assuming, as much recent evidence entitles us to do, 
that histamme is hberated from the cells of the tissues under various 
conditions of stimulation (2, 3), it is on the capillaries m immediate rela- 
tion to those cells that its first effect would be produced Only under 
qmte abnormal conditions can it be supposed that sufficient lastamine 
would escape mto the general circulation to affect the artenes directly 

My thanks are due to Dr H H, Dale for help and advice throughout 
the experiments 
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EXPERIMENTS ON VISCERAL SENSATION 

Part I The relation of pain to activity in the 
hvtmasv c&sopbagus 

By W TV PAYIsE axd E P POULTON^ 

[From the Physiological Laboratory and the Medical Investigation 
Department of Guy's Hospital, London ) 

Ik a previous conuntmicatioiKi) described the moveraents of tb^ 
oesophagus, stomach, duodenum and jejunum associated vrifh the 
sensation of pain It \ras found that pain in the epigastnc angle ivas 
associated vnth activity of the cesophagus, and that the latter occasioned 
the retrostemal pain commonly called “heartburn ” These observations 
'^ere the starting pomt of the present mvestigation 

1 Methods 

Out apparatus is drawn m Fig 1 An ordinary toy balloon of about 
50 c c capacity (i e outside the body it was large enough to hold up to 
50 c c of air without causing any tension on its walls, and consequently 
any increase of pressure inside it) containing a lead weight was tied on 
to the end of a thin rubber gastnc tube, as described m our previous 
coromunicatiorL A special note is made where bags of other capacities 
were used The gastnc tube was connected by means of a T piece to a 
funnel and a manometer, the other end of the manometer was con- 
nected to a Brodie’s bellows which recorded on a kymograph All air 
was removed from the bag before swallowing It was located m the 
cesophagus by measurement or by means of X-rays, wbich showed up 
the lead weight at the bottom of the bag, and the small metal connecting 
tube over which the rubber bag was tied The bag could be filled rapidly 
with air by opemng the clip above the funnel after forcing mto the latter 
the required volume of water The manometer was connected to the 
Brodie’s bellows so that the record on the kymograph represented the 
actual pressure m the oesophagus m cm of water It was a simple 

' Part of the \roriv tms earned oat danng the teanre by W W P of the Parsons 
^^atch Pellowslup at Gnv s Hospital and E,P P of a Beit Memorial FeUoTvship. The 
^peases were defraved bv meana of a grant from the Government Grant Committee of the 
Roval Soaetv 
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matter to calibrate the bellows beforehand by marking the level of the 
lever with the manometer at zero, and again when the manometer 



registered a pressure of 40 cm Sometimes other pressures, eg 20 cm , 
were also marked However, as shown m Fig 3, the height of the lever was 
not exactly proportional to the volume m the bellows, so that with only 
two pressures marked it is not possible to read accurately the absolute 
value of mtennediate pressures Occasionally the height of a big con- 
traction was read ofE directly from the manometer So far as we can tell, 
previous observers who have used a bag method for recordmg oeso- 
phageal movements have blown up the bag tight in situ, x c they have 
forced in more air than could be accommodated m the bag outside the 
body without stretchmg its walls If this is the case the pressure of the 
manometer will give no true record of the pressure actually exerted by 
the cesophageal wall In our experiments we purposely mtroduced less 
than the 50 c c capacity of the bag Consequently the pressures that 
we have recorded may be taken to represent accurately those excited 
by the cesophageal wall m its attempt to elongate the bag, smee the 
latter is of conrse sphencal when distended with 50 c c au outside the 
body 

Boldireff(3) bas criticised the balloon method of investigating 
movements of the empty mtestmes, because the presence of the balloon 
itself IS sufficient to excite movements Carlson is inclined to agree 
with him We should like to state emphatically that m the case of man 
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at any rate tlus criticism does not hold good for our techmque For 
instance, in out previous paper we showed that the presence of a small 
balloon m the duodenum does not necessarily cause contractions, and 
our present work indicates that an air hag in the oesophagus, containing 
only 5 or 10 c c air, often does not excite any movement at all after it 
has been lu situ for a few minutes 


2 The movehekts of the oesophagus 

Kronecker and Meltzer(2,4) found m records taken by means of 

air balloons m the pharynx and oesophagus that swallowing caused au 

uniuediate sharp nse of pressure [p m Fig 2) 

which comcided with the nse of the larynx and / \ 

passed with extreme rapidity down the oesophagus / \ 

After this wave there was a fall m pressure (ii) and ^ j \ 

then a much larger nse which was due to the A / \ 

peristaltic wave, excited by the act of swallowing V \J \ 

They also showed that an eructation was followed ^ ^ 

by a peristaltic wave down the oesophagus with- 

out any nse of the larynx They mentioned the / \ 

presence of other peristaltic waves not associated / \ 

with swallowmg, but they did not enter further /v / \ 

into this subject Cannon and Wasbburn(6) \ 

descnbed movements m the oesophagus dunng i I \ 

hunger which they argued would probably com- VI \ 

cide with the hunger contra ctions of the stomach ^ \ 

Carlson and Lnckhardt(T) proved that this was ^ 

the case In addition to peristaltic vraves Carlson dii?“o 

and Luckhardt descnbed local contractions of The lower 

X 1 1 ^ shows a nse m diaatoho 

two kmds (1) waves occupying less than 2 sec pressure due to on m 

duration, (2) local alterations m tone crease m tone 

We have only occasionally met with Carlson and Luckhardt’s 

“two seconds*' waves They can be seen m the lower tracmg m Fig 3 

We have most commonly fonnd a wave of about 4 sec duration For 

instance, m the first part of Fig 8 nme of these waves were coimted m 

40 sec , but the rate is variable Fig 4 a shows that they are local, smce 

they are pronnnent at the begmmng of the upper tracmg, but are 

hardly present at all m the lower one 

Danielopolu, Simici and Dimxtriu(S) have suggested that pen- 

stalhc waves are always associated with swallowmg, but we cannot 

agree with this We made a special study of this question, smce m all our 
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expemnents the subject signalled when he was conscious of swallowing 
voluntarily The lype of peristaltic wave resulting was like that described 
by these authors But a similar wave was often recorded without the 
subject being aware that he had swallowed at all, this was evidently 
similar to what Hurst (5) described and to the secondary peristaltic wa\e 
ofMeltzer(9) and to the peristalsis that follows an eructation described by 
Kronecker and Meltzer The sunilanty of the peristalsis of swallowing 
and secondary peristalsis is shown in Big d b, which shows six similar 
peristaltic contractions, the fourth one alone followed a swallow 

In our previous communication we described a phenomenon albed 
to swallowing to which the term ‘‘secondary swallow’’ might be appbed 
It consists of a sensation at the back of the throat often, but not always, 
accompamed by a shght movement of which the subject is just conscious, 
but there is no obvious nse of the larynx It is perhaps the same as the 
“small swallow” of Miller and Sherrington(24) Secondary swallowing 
18 followed by the same wave of peristalsis as follows a true swallow 
Examples are shown at the end of Fig 6 a 

Danielopolu and his colleagues regarded the n-depression as bemg 
due to negative pressure produced m the oesophagus from the rise of the 
larynx at the moment of swallowing, and they stated that this wave 
was not so obvious m the lower part of the oesophagus as m the upper 
part Such a wave was not always demonstrated well by Kronecker 
and Meltzer, or by ourselves, though m our previous paper we noted 
its presence The reason is that from the begmmng of the act of swallow- 
mg there is often a gradual nse m the “ diastobc pressure ” of the oeso- 
phagus, 1 e the pressure m the oesophagus, between the various con- 
traction waves, as is shown m the last swaUow m Fig 6 a Consequently 
the 72-depression, though present, is often at a higher level than the tracing 
just before it We have, however, now obtamed clear proof that D am el- 
op olu’s suggestion is mcorrect, and that the wave is really due to in- 
hibition, which precedes the peristaltic contraction, as was inferred by 
Kronecker and Meltzer after studying repeated swallows We have, 
m fact, succeeded m demonstrating it m an exaggerated form at the 
bottom of the oesophagus 

Exp 1 (Fig 3) May 9th, 1023 Subject W W P Two air bags were placed in the 
oesophagus the lower one had a capacity of 70 c,c The upper one was tied no os to bo 
kept immediately above this bag and it contamed 6 aa of air Records were obtained 
from both bags On putting 70 c,c, m the lower bag which had previously been empty, an 
mvolnntary swaUow was taken, and the pressure in both bags was at once increased 
although the incrcajse was slower m the upper bag Pam of moderate seventy was ex 
pcncnccd immediately Mmor vanations m pain were cxpcnenced but not recorded 
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L, If, IT, jR are sunultaneous points on the tracangs and represent the apices o! penstaltio 
waves. The wave D resulted from clearing the throat (secondary swallow) and B from 

Cms 



fig 3 Exp L Upper two tracings form a double oesophagogram Pressure shown in 
citu water Third tracing is respiration. Inspiration is shown by an npstrohe on the 
respiratorv tracing and a down stroke on the oesophageal tracing Time in seconds 
Simultaneous pomts are shown by small white strokes. All other figurea are arranged 
s imilar ly 

swallowing The large depressions m the upper tracing precede the peristaltic waves, and 
cm onlv be due to temporarv sharp relaxations of the muscle very obvious because it was 
previouslv stronclv contracted- The bottom of tbe lower bag was 13 inches below tbe teeth, 
m a pent ion where, on the theory of Danielopoln and others, the n-depression can onlv 
be very sbgbtlv maAed. 

Ooi observations suggest an application to the oesophagus of Bay- 
hss and Starling’s lavr of the intestines or ^'myenteric reflex/’ which 
states that stimulation causes dilatation below and contraction above 
the point stimulated(iO) 

Alrare 2 (ii)in recently cnticising this law suggested that the wave 
of inhibition preceding a peristalsis depended for its existence on the 
state of the muscle — whether it was fatigued, contracted, relaxed, etc 
Our observations, as also one of his (see Fig 2 a, p 236) show that the 
muscle must be m a state of contraction for the wave to be marked 

We ha\e further evidence of the apphcation of this law also ahown 
m Fig 3 The immediate result of blowing up the bag was to cause at 
the position of the bag a rapid nse of pressure not lasting for more than 
half a second from the mechanical stretching of the muscle, hut this was 
followed immediately by relaxation with lowermg of pressure, while m 
the position of the upper bag the muscle contracted contmuously for 
one or two seconds In other words, blowmg up the bag caused relaxa- 
tion at the spot and contraction above 
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A V Hill(a2) has recently shown that suddenly stretching plain 
denervated muscle causes at first relaxation Is the relaxation m our 
expeniuent an example of this generalisation^ It is mteresting to observe 
that the relaxation was also present in the bag above though it began 
some seconds later, showing that it was transmitted up the oesophagus 
There is a better example of this m Exp 2 

Exp 2 (Kg 4 a) ilav Ist, 1923 Subject W W P Two bags lu the cesophagos, one just 
above the other The upper bag contained 8 c c 40 c c air were introduced suddenly into 
the lower bag previously empty, a senes of secondary penstalses r^ulted, Between each 
peristalsis there is one of our ‘ 4 sec ” simple or local contractions Slight contmuous pain 
was felt with exacerbations coming on at intervals and ending off somewhat indefimteJv 

In this experiment the relaxation of the upper bag only lasted 1 sec 
and then the original wave of contraction was continued, reaching its 
maximum 6 sec from the mtroduction of the air This formed the peak 
of the first peristaltic contraction, which passed down and affected the 
lower bag at the end of the relaxation brought about by the sudden 
stretchmg 

Kronecker and Meltzer considered that the p-wave was due to 
the impact of sahva on the bag, but in our double tracings (Fig 4 b) the 
p-wave IS very well marked m the lower traemg, when the presence of 
the upper bag would have prevented the impact of sahva on the lower 
one The more probable explanation is that at the beginning of a swallow 
a momentary positive pressure develops m the pharynx which passes 
rapidly down the oesophagus, and this may be responsible for the rapidity 
with which hquid food is shot down to its lower end 

There is not infrequently a fall m pressure in front of the p wa\e, 
which may be called the ng-depression Danielopolu and his colleagues 
have regarded this depression when it occurs as being identical with the 
7 ? -depression neglecting the latter altogether (see Fig 12 of their paper) 
They did not take respiratory traemgs, but in our later observations 
we always recorded the respiratory movements by t}nng a band round 
the chest, placing a rubber ball inside it, and connecting this with 
a piston recorder It was found that negative depressions in the cesopho- 
geal traemg were often respiratory in origm Thus, in one experiment, 
after a penod of apnoea produced by forced breathmg, a gulp was taken 
in an attempt to swallow quickly At the position of the gulp there was 
a very large inspiration w^ch exactly coincided with a large 
Sion The latter was foUowed by the p-wave, the «-wa\e, and the wa%e 
of peristaltic contraction Miller and Sherrington ha\e shown that 
swallowing inhibits respiration TVe ha\c found that even secondary 
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penstalas may have an efiect Thus m Fig 4 a the inspiration that 
precedes each secondary peristalsis is shallow, but earher in the tracing 
secondary peristalsis had no efiect on respiration at alL 
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Rg -1 A. Exp z Part of a double cesophagogram, sho\ang relation of respiratioii and 
pain to pen*tal5i« Descent of signal in^cates exacerbation of 

Rg, 4 B. Exp 3 Double cesopbagogrann Rise of lever indicates paun The arroTTs show 
where a swallow was eigiialle<L 

Summarising we mav sav that swaUowmg causes (1) an nnmediate 
rise m diastoUc pressure (caused by an mcxease of tonus, as dealt with 
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A V Hi 11 02) has recently shown that suddenly stretching plain 
denervated muscle causes at first relaxation Is the relaxation in our 
experiment an example of this generalisation^ It is mteresting to observe 
that the relaxation ^vas also present in the bag above though it began 
some seconds later, showing that it was transmitted up the oesophagus 
There is a better example of this m Exp 2 

Exp 2 (Fig 4 a) ilav let, 1923 Subject W W P Two baga m the oesophagus, one just 
above the other The upper bag contained See 40 c c. air were introduced suddenlp into 
the lower bag previously empty, a senes of secondary penstalses resulted. Between each 
peristalsis there is one of our ‘4 sec ” simple or local contractions* Slight continuous pain 
was felt with exacerbations coming on at intervals and ending off somewhat indefinitelv 

In this experiment the relaxation of the upper bag only lasted 1 sec 
and then the ongmal wave of contraction was contmued, reaching its 
maximum 5 sec from the mtroducfaon of the air This formed the peak 
of the first peristaltic contraction, which passed down and affected the 
lower bag at the end of the relaxation brought about by the sudden 
stretchmg 

Kronecker and Meltzer considered that the p-wave was due to 
the impact of sahva on the bag, but m our double traemgs (Fig 4 b) the 
^-wave IS very well marked in the lower tracing, when the presence of 
the upper bag would have prevented the impact of sahva on the lower 
one The more probable explanation is that at the begmmng of a swallow 
a momentary positive pressure develops in the pharynx which passes 
rapidly down the oesophagus, and this may be responsible for the rapidity 
with which hqmd food is shot down to its lower end 

There is not infrequently a fall in pressure in front of the p wa\e, 
which may be called the Ti^-depression Danielopolu and his colleagues 
have regarded this depression when it occurs as being identical with the 
7 ?“depression neglecting the latter altogether (see Fig 12 of then* paper) 
They did not take respiratory traemgs, but in our later observations 
we always recorded the respiratory movements by tying a band round 
the chest, placing a rubber ball inside it, and connecting this with 
a piston recorder It was found that negative depressions in the oesopha- 
geal tracmg were often respiratory in ongm Thus, m one experiment, 
after a penod of apnoea produced by forced breathing, a gulp was taken 
in an attempt to swallow qmckly At the position of the gulp there was 
a verv large inspiration which exactly coincided vnth a large lU'dcpres- 
sion The latter was followed by the p-wave, the «-wa\e, and the wa\e 
of peristaltic contraction Miller and Sherrington ha\c shown that 
swallowing inhibits respiration We ha\c found that even secondary 
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peristalsis may have an efEect Thus m Fig 4 a the inspiration that 
precedes each secondary peristalsis is shallow, bnt earlier in the tracing 
secondary peristalsis had no efiect on respiration at alL 
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4 A Exp 2 Part of a double cesophairocTaiiL. ahntnnfr r 

pam to ponsteUas. Descent of Bignal indicates eiaceXbon of"^^ aspiration and 

""" ^“-^'-^-dicatespaui The arrotrs shotc 

Summarising tve mav saj that swallowmg causes fD nn , n 

nsc m diastolic pressure (caused by an mcrefse of ton ^ ^ediate 

j un increase of tonns, as dealt mth 
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later), (2) a small rapidlj travelling wave of positive pressure followed 
at an mterval, tlie length of which depends on the part of the oesophagus 
being mvestigated, by (3) a negative wave, and immediately afterwards 
(4) the mam contraction wave due to peristalsis But respiratory 
irregularities of themselves often produce small waves so that analysis 
from an oesophageal tracmg alone is not always possible 

3 The experimental production of pain in the (esophagus 

The first effect of mcreasmg the volume of air m a balloon inside the 
oesophagus is to cause repeated peristaltic contractions to pass down 
When the air put mto a bag of 50 c c capacity reaches 20 c c recurring 
pam of qmte short duration may be noticed This was marked on the 
kymograph tracmg m an experiment on W W P , Dec 21st, 1921 (Fig 
5 a) It will be seen that the sensation of pam was recorded during re 
laxation, t e after the oesophagus had contracted to the maximal extent 
It might be argued that the sensation was really due to the contraction 
on the bag, but that the delay in its appreciation, or m the signalling, 
caused it to be recorded too late That this explanation was not correct 
was shown on another occasion 

Exp 3 (Fig 4 b) Subject W W P Two bags m the ccsophaguB, The upper bag con 
tamed 25 c o of air and the lorrer bag 20 c c In this subject it was found by X rajp^ that 
the oardia and the xyphisteraum rrere on the same lord, and the cardIn was 171 in belovr 
the teeth The top bag was situated 1 in below the suprasternal notch, i e 7 5 m from the 
teeth, while the lower bag was situated 0 in lower There was an interval o(2 8in between 
the bags The fourth wave on the tracing was duo to a swallow, and this has already been 
dealt with. Pam was felt at the suprasternal notch and ot the xyphistemum The upper 
pam began first, and the lower pam ended last Consequently the beginning of the painful 
periods In the tracmg should be compared with the upper tracing and the end “with the 
lower one It will be noticed that pam was signalled dunng the whole period between 
contractions, but not dunng the contraction itself Furthennoro, the duration of the pain 
and its absence bear a quantitative relation to the penod between the contractions and the 
penod of the contraction itself If the pam was due to contraction, but was signalled late 
then the penod of the pam would still correspond to the length of the contraction which is 
not the case The explanation that we have already put forward of this result (13) is that 
the bag caused pam by stretching the oesophagus while the contractions relieved the 
Btretchmg and so abolished the pain Furthermoro, Fig 4 b shows that these contractions 
are peristaltic in ongin since each contraction in the upper curve is also shown m the lower 
curve On measunng it is found that there was a doIa> of about see lictwcon the two 
contractions at the beginning of the tracing and U sec at the end which indicates the 
time taken for the wave to pass from one bag to the other \ similar result was obtained 
in Exp 2 (Fig 4 a) 

It became of interest to devise an expenment in which the penstaltic 
wave would be unable to compress the bag, as Sir Henry Head 
informed us that he had obsened in certain patients that pam was 
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Fig 5 L. Sublet W W J No note ol vo\mnt m bag Pam signalled three times durmg 
relaiatioiu Beginning and ending of pam marked by arromu 

Fig 5 B, Sobjeet W VTP 45 c c m bag The signal marked S indicates a swalloir Pam 
was felt contmuonalv Periods of severe pam are mdicated by horizontal hnes beneath 
the tracing 

I^g o a Subject E,P J* Exp 6 Lever I — cesophageal tracing Lever II shows the level 
of the Hg manometer attached to the mcompressible bag Lever IH — ^respiratory 
tracmg Lever X\ — paim Lever V — swallows {S) and secondarv swallows (55) The 
Hg manometer read 23 8 and later 23 1 cm m the first part of the tracing The second 
part shows pressure waves xn both bag and manometer traemgs. The sharp nse was 
due to a cough. 

about the size of a large finger-stall inside an inertensible linen case The 
bag and case ^veie tied tightly on to a sti5 catheter, and water could 
be forced mto the bag so that such a high pressure was produced inside 
us to preclude all possibihty of compression by the oesophageal muscle 
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Exp 4 (Pig 6 a) Jtmo 22na, 1622. Subject WWP The mcompressiblo bag oa 
a stiff catheter was placed m the {Esophagus with its end about 14 m. from the twlK 



Fig 6 A* Exp 4 CEfiophageal movement above an mcompressible bag S, swallow, SS^ 
secondary swallow, each followed by a peristaltic contraction. 

Fig 6 B Exp 5 CEsophageal movements below an incompressible bag The middle part 
of the etxpenment is omitted. 


A second rubber bag, contammg 10 c c, of air and arranged accordmg to our usual technique, 
was kept just above the incompressible bag with its lower end llj in down, in order to 
record the contractions just above the in compressible bag Dtmng the prclimmary penod 
the pressure between the contractions (diastolic pressure) was 2 to 4 cm., and the pressure 
at the height of a penstaltic contraction (systolic pressure) was 32 to 33 cm Then at IT 
about 17 c a of water were suddenly forced into the incompressible bag A senes of contrac 
tions began and pain was felt at once it was contmuous although it vaned m intensify 
It was worse dunng the contraction, and was so bad that it was impossible for the subject 
to keep the lever down all the time Ho found it easier to move it up and down the rapidit% 
of the mo\ement indicating the extent of the pain. At a point marked S ho swallowed 
experimentally and the pam became stiU worse, so that eventually a little watcr'^about 
5 c c — had to be let out this is marked by the depression at Y The diastolic pnessuro rose 
at the beginning of the experiment to 7 cm of water, and this pressure was recorded twice 
Fourteen seconds later the negative wave of the voluntary swallow showed a pressure of 
12 cm so that the diastolic pressure was gradually nsing (The small depression 1 sec 
later was duo to some movement of the body owing to the pain, and has its counterpart 
on the respiratory tracing ) The effect of the swallow was to cause a continuous contraction 
of 27 see, duration — a regular tetanus — at a pressure of 40 cm The water was let out at Z 
and after a secondary swallow (SS) the oesophagus was quite quiet showing onh respiratorv 
movements The *»eeondarv swallow and a voluntary swallow (7) taken later on produced 
no pain at nil 
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We \7ondeTed wlietlier in this expemnent the tetanus was caused by 
a peristaltic contraction not being able to get past the incompressible 
bag This pomt 'vras specially mvestigated 

Exp 5 (Fig 6 B) July 3rd, 1922 Subjeot W W P The air bag was passed down the 
oesophagus to a distance of 14 uu, while the water bag on the catheter was placed 2^ in 
higher np, so that the two hags did not overlap one another On forcing water into the 
upper hag at the arrow marked TF, contmnons pain was noticed. Probably the hag was 
not filled np (^nite so tightly as last time. After swallowing {S) the pam was a little less to 
begin with, and then worse a few seconds later There was no effect on the lower bag in 
spite of the extreme activity that had been shown to he present above the incompressible 
bag Dnrmg the preliminary period the diastolic pressure below the incompressible bag 
was mostly below zero Ihirmg the experiment it was most of the time between 5 and 3 cm 
The movements were respiratory At the end of the experiment when water was let out {Z) 
the diastohc pressure fell to as low as 0 6 cm , the bag now recorded two peristaltic con 
tractions, so that these contractions had clearly been prevented from travelling down by 
the presence of the incompressible bag 


In another expemnent the pressure m the mcompressible bag was 
meaBured 

Exp 6 (Fig 5 c) Feb 22nd, 1023 Subject E,P P An mcompressible bag on a catheter 
was placed m the lower cesophagus, and just above a rubber hag oontainmg 10 o,o The 
mcompressible bag was connected with a mercurial manometer which also recorded on 
the tracing Pam of varymg mtensity was felt thronghont the experiment. The pressure 
m the incompressible bag was varied from 24 to 22 cm, of mercury It remamed perfectly 
level for 3 Jimu at a time, which showed that the oesophageal muscle had no power against 
a pressure of this magnitude Dunng all this tame a contmuous senes of contractions 
occurred above the mcompressible bag The seventy of the pam was roughly graded by the 
hequency of movement of the pom lever It was less m the middle of the tracmg when the 
diastolic pressure m the upper bag was lowest. Towards the end of the experiment, as shown 
m the second part of Fig 5 o, small waves m the tracmg from the mercurial manometer 
were recorded and these followed shortly after the contraction m the upper bag On 
removing the catheter it was found that the stitches had given way m one place, and part 
of the rubber bag had herniated through its Imen cover On this account the bag became 
ahghtly compressible so that contractions were recorded. The experiment suggests that 
the Imen bag was bemg spasmodically compressed all the time, hut that it was only towards 
the end of the experiment that the compressions could be recorded. 


It was considered advisable to try and get radiographic evidence of 
the appearance of the oesophagus -while pam was bemg produced experi- 
mentally An an bag -was made out of two rubber balloons of tbe same 
size by squeezing one inside another The space between the two was 
filled with an emulsion of bismuth and the necks tied one over the other 


on to a rubber catheter over a piece of metal tubmg m tbe ordinary way 
On filling the inner balloon -with air the bismuth was spread over its 
surface and an ait bag was obtamed with its wall opaque to X-rays 

7(rig 7) iUwhlst, 1924 11a.m. SobjeotWWP Tlus mibject, whohasalmays 
tndmwl to djspepsio, had had no aymptoms for 6 days. Tvo catheters fitted with 
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opaque waUed air bags were passed into the oesophagus, one above the other, either one or 
the other was connected with a water manometer When each contamed 10 o c of air the 



patient expenenced a small amount of contmuous paim Ftg 7 a is a tracing of the air hags 
tn situ The walls wero well defined, indicating that dunng the two or three seconds ex 
posure the oesophagus had remained fairly quiet The lower bag was then filled with 30c.c. 
of air (b) Pam of medium intensity was expenenced The lower bag was dilated but not 
lengthened The upper bag was practically unchanged High pressures were obwrrrd m 
the manometer to which it was attached but it was not found practicable to record them 
In the next observation (c) the lower bag contained JO c c while the upper bag contained 
40 c,c. The pam was desenbed as ncarlv maximal in mtensitv The shadows were not 
perhaps quite so sharply defined os before Alcasurcmcnt showed that the upper bac 
4 mm longer than before while the length of the lower bag was not nItcretL This sugRP^hi 
that a peristaltic wave had reached the upper bog but hod not affected the lower one lo 
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the next observation (n) 10 c.0. ^ere again pnt into the upper bag, and 40 c c into the 
lower bag A maximal pain waa experienced about 1 sec before the exposure of the plate 
began. It then began diminishing and was nearly, but not quite, minimal by the end of the 
exposure In the plate it was almost impossible to see the lower bag at all, except for 
the dark shadow of the bifimuth in ita lower end which lay beneath the dome of the nght 
diaphragm. The lower bag was 1 cm longer than previously, while the upper bag was 9 mm 
longer It is evident that the pam was hecommg less just as a peristaltic wave was passing 
down over the bags causing them to be elongated, and therefore compressed. We have in 
other expenments observed the same phenomenon, both in the case of E P P and W W,P , 
using a rather different technique 

In onr prelmunary coiimiumcation(i3) we suggested that the cause of 
the pain during contraction on an incompressible bag was that the end 
organs were being pressed tight against a hard surface but that in contra^ 
distinction to this when the foreign body was a rubber hag containing 
air the pam was due to stretchuig Eurther work, and m particular 
Exp 1, caused us to alter our views on the subject Even though the 
foreign body which m this expemnent gave rise to the pain was an air 
bag rather than an mcompressible bag, the upper tracing showed a con- 
siderable resemblance to the tracing obtamed above the mcompressible 
bag in Exp 4, suggestmg that the cause of pam m these two experiments 
must be the same 

A simple explanation might be that an isometnc contraction on the 
incompressible hag was painful But on the analogy of skeletal and 
uterme muscle this is very unlikely , for instance, there is no pam on 
attempting to flex the forearm against resistance, and the mtermittent 
contractions of the uterus that occur throughout pregnancy are not 
painful 

4 Tonus in plain muscle 

Before considermg the factors causing pam it is necessary to discuss 
the meamng of the term posture and tone when apphed to an organ hke 
the oesophagus at its lower end, the walls of which contam plam muscle 
Shernngtona3) has pomted out that a viscus, such as the bladder, does 
not bcha\ e hke an elastic bag, which shows a gradual mcrease of pressure 
Mitb increasing tension of its walls as its content of fluid mcreases, but 
vanes in posture, so that it can accommodate an mcreasing volume of 
unne while the pressure inside is not necessarily mcreased, although 
alterations m pressure due to contractions and relaxations of the wall 
do take place continually as the bladder becomes talk Thus A R 
ThompsoniU) found with 260 c c of hquid m the bladder that the 
niaximum systohc pressure, t e the maximum pressure of one of these 
contractions, durmg a period of a mmute or two, was 14 2 cm, of water,. 
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wlule the miniinmn diastohc pressure was 9 4 cm After au interval of 
10 mm the whole pressure m the bladder had increased, the masmiuin 
sjstohc pressure now was 26 8 cm while the diastohc pressure was 
14 8 cm A still greater pressure was observed with 500 c c , while the 
difference between systohc and diastohc pressures was also considerablj” 
increased The foUowmg experiment shows m a general way that the 
behaviour of the plam muscle m the bladder and oesophagus are 
similar 

Exp 8 (Fig 8) May 22iid, 1922 Subject E P P A bag containuDg 10 c c, of oir waa 
kept in the lower end of the oesophagus for over 6 inin. The diastohc pressure varied 



Fig 8 Exp 8 Sections of a tracing to show the effect of increasing the volume of air in 
an oesophageal bag The increase took place at the arrows, the ^ olumes being given 
above the tracing 

between 0 and 6 cm of water Contractions giving a sj^stoho pressure of 28 cm, appeared 
at intervals, although there was a period of 34 sec when only cardiac and respiratory 
movements were recorded. The bag was then filled with 35 c c. of air fora penod of 130 sec. 
The diastohc pressure varied between 9 and 16 cm The maximum systolic pressoro was 54 
Xextwith 40 c c of air, during a penod of 84 sec , the diastohc pressure \ancd between 11 
and 17, with a maximum systohe pressure of 55 cm while with 45 c c , for a penod of 
146 sec , it vaned between 14 and 25 with a maximal pressure of 63 Through all this expen 
ment the diastohc pressure gradually increased, but the height of the contraction remained 
about the same in the later stages, so that the excursions of the manometer became smaller 
A similar diastohc nse and constant systohe plateau have been observed in the stomach 
by A, J Carlson (21) during the course of prolonged hunger The diastohc prc'^surc may 
be said to form a base line and the difference between this and the maximum pressure 
recorded during systole is analogous to the pulse pressure Another feature of interest m 
many of our tracings was best seen on this occasion when 45 c.c of air were introduced. 
This was a gradual nse and fall in the diastohc pressure, a penod os long as 50 sec some 
times elapnng between successive waves. 
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It IS clear that the (Esophagus resembles the bladder m the mcreasmg 
activity shown as the amount of its contents increases But Fig 7 show^ 
that, where the volume of air m the bag is increased from 10 to 30 or 
40 c c , there is some increase m the posture of the cesophagus as mdicated 
by the diameter of the bag Therefore, m the (Esophagus mcreased activity 
IS associated with increase of posture, as is also the case with the bladder, 
though obviously the bladder can undergo a much larger increase m 
posture than the (Esophagus can 

Like the bladder, the oesophagus requires time for postural adapta- 
tion, smce with a given volume of aix m the bag a lower diastohc pressure 
IS recorded if the air has been mtroduced gradually than if it has been 
introduced suddenly Thus on one occasion with the subject W 
the bag of 200 c c capacity contammg 15 c c air was kept m the oeso- 
phagus for 3 mm The content was then mcreased to 60 c c , and the 
foUowmg senes of diastohc pressures were recorded, 10, 116, 12, 10, 32 
10 cm during a penod of rather under 3 nun The bag was then emptied 
and €0 c c of air were mtroduced at once The diastohc pressures re- 
corded were 50, 51, 36, 35, 31, 29 cm during a penod of 2 nun 

Carlson has assumed that tonus in plam muscle is measured by the 
value that we have defined as diastohc pressure We would suggest that 
tonus should he defined as the tension in the muscle duxmg diastole, and 
this will depend not only on the pressure but on the radius of curvature, 
since when the pressure (p) m a hollow organ is due to tension (jP) of its 
walls, the following relations hold(i5), viz T = 2 pr for a sphere, and 
2^ = pr for a cyhnder 


A 

B 

c 

D 


Tabu; 



Average diameter 

Volume of arr 

Volume of air 

of upper bag 

m upper bag 

in lo’ff’er bag 

cm. 

C 0. 

C.0 

225 

10 

10 

2 35 

10 

30 

300 

40 

10 

2 08 

10 

40 


It IS possible to make an approximation to the relative values of the 
tension of the muscle m diastole and systole from the photographs of 
the two rubber bags in situ m Exp 7 (see Table) The diameter given 
IS the mean of two measurements across the upper bag at the upper and 
lower level of the lead tube belongmg to the lower bag 

It is clear from our other experiments that the pressure m the upper 
bag of 0 must have been greater than it was m A, smce the volume of 
contained air was greater, but the diameter was also greater, and so the 
tension must have been greater still In this case it would be mcorrect 
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to regard the tension or tonus of the muscle as bemg measured solelf 
by the pressure 

On the other hand, m A and B the diameters of the two upper 
bags were very much the same but m B, owing to the larger volume of 
air m the lower bag, the pressure m the upper bag must have been 
higher than it was m A (see Fig 3) Hence m this case it is permissible 
to regard the tension or the tonus as bemg measured by the pressure 

Dunng systole, however, the conditions were different because 
D shows that the peristaltic wave had lengthened the upper bag 
and narrowed its diameter a httle as compared with B Both the tension 
of the muscle at th® upper bag m D and the pressure exerted must have 
been greater than m B, but m this case the mcrease of tension must have 
been less than the mcrease of pressure 

To sum up, it follows from our defimtion of tonus that with the 
diastohc pressure constant an mcrease m the volume of the bag will 
result in an mcrease of the tonus owmg to the mcrease in the diameter 
of the viscuB If, as is usual, the diastohc pressure also mcreases this would 
mdicate an even greater mcrease m the tonus If the volume remains 
constant, variations m tonus wdl not cause a measurable change in the 
diameter of the bag, and m this case the diastohc pressure will be n 
measure of the tonus The mcrease of tension of the muscle during the 
progress of a peristaltic contraction is relatively less than the increase 
of pressure exerted by it 

It IS mterestmg to note that the only way m which a peristaltic con- 
traction can cause compression of a rubber bag containing air os by 
makmg it lengthen so that the radius of curvature of the muscle simul- 
taneously diminishes The apphcation of Boyle’s law shows that an 
mcrease of 40 cm m pressure will only cause a dimmution m the v olumc 
of air m the bag by 4 p c or if the bag is assumed to be a cylinder of 
under 2 p c m length of the radius 

It might be objected that “tonus” as here defined merely represents 
the tension m the passively stretched muscle But we havT already 
shown that the mechamcal effect of sudden stretching is momentary 
(Fig 3), and the subsequent alteration m diastohc pressure must be due 
to activity on the part of the muscle, smee it is constantly varying 
Further, after a bag m the oesophagus is filled with air or water a continu- 
ous mcrease of diastohc pressure, and so tonus, takes place abov e the bag 
(Figs 3 and 6 a), and to a very small extent cv en below (Fig 0 b) These 
changes must be due to active contraction of the muscle wall, and not 
to its bemg stretched mechamcally by the air bag 
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Variations in tonus occur wliilc the volume of air in the bag is kept 
constant Fig 8 shows how large they may be, for the triple contractions 
marked at A may be regarded as made up of three separate contractions, 
the last two of which begin from a position of bgh tonus, the diastobc 
pressures havmg risen to nearly 40 cm We have found that occasionally 
tonus exerts pressures up to 50 or 60 cm On comparing the pressure 
tracmgs from the oesophagus of the two subjects W W P and E P P 
there was this striking difference that, whereas m the case of W W P 
smgle large contractions were often recorded when the tonus remamed 
rather low, m the case of E P P the contractions were multiple and the 
tonus mcreased, so that the contractions were never very large, while 
the maximum systohc pressures were much the same as with W W P 
Radiograms of the lower part of the oesophagus taken immediately after 
swallowmg a mouthful of banum emulsion showed that the maximum 
diameter was for E P P 2 4 cm and for W W P 2 cm Perhaps this is 
partly responsible for the difference in behaviour 

Sherrington(W) and Bayliss(iO) have described the two functions 
of a muscle as contraction and posture The latter function is sometimes 
Bupphed by special muscles which are called “ check” or “catch” muscles 
since they fix the posture We would suggest that as far as the oesopha- 
geal plam muscle is concerned tonus, as we have defined it, has a check 
function m relation to contraction, since when the tonus rises during 
a contraction it checks the relaxations, and allows the tension to fall m 
a senes of steps The experiment on E P P m Fig 8 provided a very good 
example of this check action, and this is a great contrast to the experi- 
ment shov n on W W P in Fig 4 a 


5 A THEORY OF VISCERAL PAIN 

In a previous section we dealt with the factors which caused an 
mcrease and dimmution in pain produced artificially in the (Esophagus, 

and the suggestion was made that pam was due to stretchmg of the 
Wall 

Our development of this theory is as follows A foreign body such as 
an air bag or water bag becomes a stretching force, as soon as its cir- 
cumference begms to exceed the circumference of the surrounding 
ccsophagua This leads to a state of tension m the wall The latter contains 
muscle fibres, sensory end organs and the free endings of nerve fibres that 
subscr\^c the sense of pain All these structures take up the tension If 
^ ner\e ending consists of a longitudmal sheath enclosing liquid or 
LXm 
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to regard the tension or tonus of the muscle as hemg measured solely 
by the pressure 

On the other hand, in A and 5 the diameters of the two upper 
bags were very much the same but m B, owmg to the larger volume of 
air m the lower bag, the pressure m the upper bag must have been 
higher than it was m A (see Pig 3) Hence m this case it is permissible 
to regard the tension or the tonus as bemg measured by the pressure 

Durmg systole, however, the conditions were different because 
D shows that the peristaltic wave had lengthened the upper bag 
and narrowed its diameter a httle as compared with B Both the tension 
of the muscle at the upper bag m Z) and the pressure exerted must hai e 
been greater than m B, but m this case the mcrease of tension must have 
been less than the mcrease of pressure 

To sum up, it follows from our defimtion of tonus that with the 
diastohc pressure constant an mcrease m the volume of the bag will 
result m an mcrease of the tonus owmg to the mcrease in the diameter 
of the viscus K, as is usual, the diastohc pressure also mcreases this would 
mdicate an even greater mcrease m the tonus If the volume remains 
constant, vanations m tonus will not cause a measurable change m the 
diameter of the bag, and m this case the diastohc pressure will be a 
measure of the tonus The mcrease of tension of the muscle during the 
progress of a peristaltic contraction is relatively less than the increase 
of pressure exerted by it 

It IS mterestmg to note that the only way in which a peristaltic con- 
traction can cause compression of a rubber bag contammg air is by 
making it lengthen so that the radius of curvature of the muscle simul- 
taneously dunmishes The apphcation of Boyle's law shows that an 
mcrease of 40 cm m pressure will only cause a diminution m the volume 
of air m the bag by 4 p c or if the bag is assumed to be a cylinder of 
under 2 p c m length of the radius 

It might be objected that “tonus" as here defined merely represents 
the tension m the passively stretched muscle But we have already 
shown that the mechamcal effect of sudden stretching is momentan 
(Fig 3), and the subsequent alteration m diastohc pressure must be due 
to activity on the part of the muscle, since it is constantly \arymg 
Further, after a bag in the oesophagus is filled with air or water a continu- 
ous increase of diastolic pressure, and so tonus, takes place above the bag 
(Figs 3 and 6 a), and to a very small extent c^ en below (Fig 6 n) These 
changes must be due to active contraction of the muscle wall, and not 
to its bemg stretched mechanically by the air bag 
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YanatLons m tonus occur wlnle tlie volume of air m the bag is kept 
constant Fig 8 shows how large they may be, for the triple contractions 
marked at A may be regarded as made up of three separate contractions, 
the last two of which begin from a position of high tonus, the diastohc 
pressures havmg risen to nearly 40 cm We have found that occasionally 
tonus exerts pressures up to 50 or 60 cm On comparmg the pressure 
traemgs from the oesophagus of the two subjects W W P and E P P 
there was this striking difference that, whereas m the case of W W P 
single large contractions were often recorded vhen the tonus remained 
rather low, m the case of E P P the contractions were multiple and the 
tonus mcreased, so that the contractions were never very large, while 
the maximum systohe pressures were much the same as vnth W W P 
Badiograms of the lower part of the oesophagus taken immediately after 
swallowmg a mouthful of bannm emulsion showed that the maximum 
diameter was for E P P 2 4 cm and for W W P 2 cm Perhaps this is 
partly responsible for the difference vn behaviour 

Sherrington(U) and BayliSB(i6) have described the two functions 
of a muscle as contraction and posture The latter function is sometimes 
supphed by special muscles which are called check” or “ catch” muscles 
since they fix the posture We would suggest that as far as the oesopha- 
geal plam muscle is concerned tonus, as we have defined it, has a check 
function m relation to contraction, smee when the tonus rises during 
a contraction it checks the relaxations, and allows the tension to fall m 
a senes of steps The experiment on E P P m Pig 8 provided a very good 
example of this check action, and this is a great contrast to the expen- 
ment shown on W W P in Pig 4 a 

5 A THEORY OT VISCERAE PAIK 

In a previous section we dealt with the factors which caused an 
increase and di min ution m pam produced artificially m the oasophagns, 
and the suggestion was made that pam was due to stretching of the 
walk 

Our development of this theory is as follows A foreign body such as 
an air hag or water bag becomes a stretching force, as soon as its cir- 
cumference begins to exceed the circumference of the surrounding 
cesophagua This leads to a state of tension m the waU The latter contains 
muscle fibres, sensory end organs and the free endings of nerve fibres that 
subserve the sense of pam All these structures take up the tension. If 
a nerve ending consists of a longitudinal sheath enclosing hqmd or 
UH Lxni 
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semi-hquid contentSj the tension may act by causmg stretching of the 
sheath and deformity of its contents This process causes pain 

Since a nse of tension in the walls of a hollow Anscus is often associated 
with a rise of pressure inside it, we should expect to find pain associated 
with a rise of diastohc pressure The following observations show that 
this is the case 

When a bag is slowly filled unth air the diastohc pressure rises and 
at a certam point pam is experienced For instance, in the case of W W P 
on May 25th, 1922, with 10 c c m a bag of 50 c c capacity the diastolic 
pressure was — 5 0 cm , and there were no contractions With 20 c c 
the diastohc pressure was 2 cm , and the systohe 67 cm With 30 c c 
the diastohc pressure varied between 11 and 15 cm , vhile the systohe 
pressure reached 92 With 40 c c diastohc pressures from 17 to 21 
were recorded, and pam was now felt throughout The systohe pressure 
was no higher than before Agam, on Jan 3rd, 1922, 60 c c were intro- 
duced slowly mto a bag of 200 c c capacity and the diastohc pressure 
rose to 19 cm But when 70 c c were mtroduced suddenly the pressure 
rose to 23 cm and pam was felt 

There are two possible ways of rehevmg the stretching and deformity 
of the pam endmgs 

(1) The circumference — m other words the “posture” — of the organ 
may he mcreased by the lengthenmg or rearrangmg of all the structiucs 
m the wall Exp 8 on E P P is a very good example of this The diastohc 
pressure with 45 c c gradually mtroduced into the bag varied between 
14 and 26 cm and no pam was experienced This is a great contrast to 
an experiment with this subject three da}s later (2nd Exp 25th May, 
1922) when with 40 c c the lowest diastohc pressure recorded was 
24 cm , and values over 30 were often obtamed and pam was felt most 
of the time The same thing was noticed when the posture % aned while 
the volume of air m the bag was kept constant Thus, m the case of 
E P P {1st Exp 25th May, 1922) with a bag containing 40 c c of air, 
and situated 13 inches below the bps no pam was felt with a diastohc 
pressure of 27 cm , it was felt continuously when the diastohc pressure 
was 36 cm for a period of 50 sec without any contractions Afterwards 
the subject vomited up the bag 

(2) The muscle may contract This increases the tension of the 
muscle fibres, but owing to the shortemng of the cucumference diminishes 
the strctchmg and deformity of the pam endings themseh cs In fact 
the muscle wall takes the strain from off them It is also easy to imagine 
an intermediate state when contraction causes diminution in pam 



OESOPHAGEAL PAIN 


235 


\ntliout completely abolisliing it An example of tlus vras shown in 
Exp 2, xvhere pain was continuous, but there were exacerbations 
between the contractions 

However, in the apphcation of our theory some further considerations 
are necessary 

A In Exp 1 with the two bags containing 5 c c and 70 c c the 
pressure exerted by the oesophageal wall was permanently mcreased at 
the site of the two bags, but the actual state of affairs was different m 
these two places In both the diastobc pressure was increased, but it 
was much higher at the lower bag The most striking difference was that 
at the upper bag there was a contmuous contraction — a regular tetanus 
— interrupted at intervals by short deep negative waves due to pen- 
stalsis, while at the site of the lower bag, which is to be looked upon as 
the foreign body causing the disturbance, the pressure remamed most 
of the time at the diastohc value, and a higher systohc pressure was 
produced only momentarily The pain was produced by the lower bag, 
hut a special stram on the pain endmgs might be expected to exist at 
the zone between the muscle m systole above, and the muscle m diastole 
below In fact “painful spasm” would not be an inappropriate descrip- 
tion of this condition m which a peristalsis is held up by an obstruction 
The stram would be reheved m proportion as the contractions above 
succeeded in passmg down and compressmg the lower bag and it would 
be mcreased if the contraction above was mcreased without makmg any 
impression on the bag below 

There are two pieces of evidence m favour of this view 

(1) In the case of a patient described previously (i, Case 1) two pains 
were felt, one at the top of the sternum, and another at the xyphisternum, 
while X-rays showed a narrowing at the upper and lower end of the 
oesophagus with a dilatation between The localisation of the pam at these 
two points might have been dne to the strain on the pain fibres at the 
zones between the contracted and dilated parts 

(2) In Exp 4, when the mcompressible bag was filled with water 
pam vras felt at once It was worse during peristaltic contractions, but 
it only reached its maximal value after a voluntary swallow when a 
maximal high pressnre was produced above the bag by means of a 
tetanus of many seconds’ duration This would lead to the stram already 
described The filling of the bag m the first place would produce stretch- 
mg and deformity of the pam endmgs, but if this was the only factor 
concerned the pam would have remamed constant until the water was 
et out of the bag, smee owmg to the mcompressibility of the bag the 

16—2 
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tension on the pain endings at this point could not have been relieved 
by muscular contraction This experiment probably has its exact counter- 
part m the pains of labour, renal calculus and gaU stones 

B ^Tien a pain of short duration was felt it was recorded during 
the relaxation stage of a contraction (see Fig 5 a), and when the pam was 
of longer duration it began durmg the relaxation, which suggests that 
it IS durmg relaxation that tension is most likely to be exerted on the 
endmgs, especially when the faU of pressure is large and rapid AV H 
Ogilvie(25) has made a siimlar obsers^ation on the gaU bladder AVehaie 
already suggested that muscle tonus may act as a kmd of catch mechan 
ism which comes mto play to coimteract a rapid large fall of pressure 
On the whole it was found much easier to produce severe pain m AV AA^ P 
than in E P P Further, AA^ AV P IS mebned to sufEer from mdigestion, 
while this IS not the case vnth E P P AV^e have seen that high diastole 
pressure and high tonus is painful, but it may be less so than the 
sudden stretch of pam endings winch occurs during a large rapid mus- 
cular relaxation Is it possible that the difiEerence between AA^ AA’^ P 
and E P P hes m the greater development of the catch mechanism 
m E P P and that this is associated with a larger diameter of the 
oesophagus^ Carls on(2i) has noticed similar individual vanations m 
the stomach 

C The character of the pam produced m our experiments \nried 
accordmg as it was continuous or intermittent In the former case it had 
a bummg character, and was reminiscent of heartburn An unpleasant 
sensation referred to the throat, but also situated deeply at about the 
level of the suprasternal notch, was present if the bag was high up m 
the oesophagus If it was lower down the pam was usually referred to 
the costal angle, and the lower part of the sternum in the mid-line A\Ticn 
the pam was mtermittent it had what was best described as a gripping 
character, and the relation of the two types of pam was well seen in an 
experiment on AY AY P on May 25th, 1922 (Fig 5 b) At first with 
45 c c m the bag contmuous severe burmng pam was noticed The 
diastobc pressure was 30 cm , and there were only respiratory ^ arintions 
A swallow was then taken, and this was followed by a senes of pen- 
staltic contractions each of which caused diminution m the pain and 
converted it from a burmng pam mto a gnppmg pam Later on the 
contractions stopped, and the pam again became continuous and 
burmng AA"e noticed the same thing on another occasion when after 
a penod of severe continuous burmng pam without contractions, a 
little air was let out of the bag Large peristaltic contractions then 
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appeared wkcli made, the pam mtemuttent, and so gave it a gripping 
cliaracter 

After a prolonged experiment entailmg much, pam cutaneous liyper- 
assthesia was once felt by W W P over th.e lower part of the sternum, 
and several tunes some 10 mm to 1 hr after the removal of the bag a 
pam was felt behind at the angle of the left scapula, as if the muscles were 
stiff, and there was tenderness on palpation Another subject who kindly 
volunteered on one occasion felt pam m the back when the bag contamed 
40 c c Further, we have to record that experiments of this kmd may 
produce unpleasant results subsequently Thus E P P who never has 
mdigestion woke up with qmte a severe attack on the day followmg 
a painful experiment, and W W P has found that his dyspepsia was 
made worse by the experiments, and even now more than two and a half 
years after the last experiment he still fells a bttle uncomfortable after 
breakfast We may assume that these experiments caused damage to 
the structures m the walk Obviously there is no fundamental distmction 
between pam produced experimentally and the pam of orgamc visceral 
disease 

D It would seem that there is quite a close analogy between our 
present experiments and our previous observations on patients who 
complained of pam Fig 7 b and c of this paper illustrate the dilatation 
of the normal oesophagus by means of air bags PI I of our previous 
paper presents a very similar appearance of oesophageal dilatation m 
a patient complaining of heart-bnrtu It suggests that the oesophagus 
produces pam by acting as its own air bag Then again, the pam of our 
present experiments was associated with an mcrease of diastohc pressure, 
and this was also the case m the majority of our previous observations 
on the stomach and small mtestme as well as the oesophagus, though 
the term mean pressure was used for diastohc pressure Finally, m both 
cases the contractions were nsually mcreased in number as the diastohc 
pressure rose However, we have now found that when the diastohc 
pressure or tonus is very high — m other words when the stretch by the 
hag IS very great — no contraction can get past the affected spot and 
there is contmuous and often severe pam This was the condition of 
affairs m Figs 6, 7 a, and 7 b, c In Fig 5 b it required the stimulus of 
a swallow to start a senes of contractions which could compress the bag, 
and even these died away after a time It is probable that in our obser- 
vations on patients the tonus was never so high as to stop contractions 
altogether, hut the observations of Eeynolds and iIcClare( 20 ) that 
the onset of pam coincided with the dying away of peristalsis can be 
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explained m this way However, we did find that diastohc pressures in 
the stomach associated with pam were usually much below those m the 
oesophagus It is clear from the formula t — jir, that the larger the 
posture the less will be the pressure required to produce a given tension, 
and this may possibly account for the difference between the stomach 
and oesophagus 

The theory of visceral pam which we have described is an extension 
of that suggested first by Sh erring ton(26), then by Hurst (5), and more 
recently by Ryle(i8) A W Mayer (22) has claimed that contracture 
as weU as stretc hing is a cause of pam m the mtestme, and that con- 
tracture produced by mjectmg BaClg pentoneal cavity produces 

pam by formmg rigid loops of mtestme which stretch the mtervening 
mesentery Stretchmg of the mesentery may possibly be an additional 
cause of pam where a mesentery exists, though Mackenzie’s obsena- 
tion(27) is rather against this, but it is very unhkely to be the chief cause 
of pam produced by banum We have poured BaClg mto the peritoneal 
cavity of an anaesthetised cat The effect of the apphcation was to divide 
the gut sharply mto many contracted and dilated portions, and m the 
latter the contents appeared to be under considerable pressure It looked 
as if the activity had caused the contents to be squeezed out of the 
contracted parts mto the mtervenmg dilated portions In some places 
rapid peristaltic waves were seen, m others there were none, 'i e pen- 
stalsis was held up m its progress, and this would give rise to se\ ere pam 
as illustrated m Fig 3 

Hurst (23) has recently elaborated his tension theory of \nsceral pam 
along rather similar hnes to account for hunger pain in the stomach 
He suggests that as a penstaltic contraction advances over the pylonc 
part it causes mcreased pressure, and so increased tension not m the 
proximal part of the stomach, but m the wall mter\ emng between the 
contraction itself and the closed pylorus, and consequent!} pain is 
produced here This mechanism might act if the walls of the stomach 
were pressed tightly together at the site of the peristaltic contraction 
as he suggested previously (5), but if a gap was left it would only act if 
there were lumps of food present or the viscosity of the stomach contents 
was so high that they could only with difficulty be squeezed back through 
the gap But this would seem unhkely in hunger Further, Ec} nolds 
and McClure have found from X-ray examination that penstakis 
sometimes ceases at the onset of pam, though it must be admitted that 
these authors took no account of the possibihty that the pain vas pro 
duced in the oesophagus We, also, had alrcad} published a tracing 
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(I, Fig 20) which showed that a momentary hunger pam was signalled 
after eontraction of the stomach, and we had found that exactly similar 
contractions were recorded one second later in the duodenum, which is 
strongly suggestive of the pylorus being open, so that Hurst’s theory 
could not be apphed m this case 

Cannon and Washburn m their ongmal communication and 
Carlson more recently have spoken oi hunger contractionSy though the 
former stated that they occurred before the sensation of pam Their 
tracings show both contractions and rise of tonus, but the rate of the 
drum was so slow that it is difficult to analyse them closely We see no 
reason why the rise m tonus rather then the contractions should not be 
held responsible for the pam Further, Carlson has found that hunger 
sometimes causes a great nse of tonus with contractions of dimimshmg 
amphtude which he calls an mcomplete tetanus This result is quite hke 
that shown m our lower record m Fig 3 (Exp 1), where the pain was 
contmuouSj showing only mmor variations m mtensity Agam, a tracing 
of A J Carlson’s ( 21 , p 70, Fig 12) does suggest to some extent that 
pam IS felt during muscular relaxation of the stomach 

Sir James Mackenzie(27) has suggested that contraction of the 
bowel into a 'Hhick fleshy rod” produces pam But the description of 
the observation that he gives suggests that he had clamped the gut 
preparatory to perfonrung an anastomosis and m this case pain might 
have been caused by the holding up of peristalsis as already descnbed 
Further, we know that the firmly contracted uterus after parturition is 
not painful, nor is the firmly contracted colon m muco-membranous 
cohtis 

W L P aimer (19) has shown that the hydrochloric acid of the gastric 
3 UIC 6 may cause pam m patients with gastric ulcer, etc , though not in 
healthy subjects We certainly agree that m some patients washmg out 
the stomach with dilute hydrochloric acid, or its administration, is painful, 
hut these facts are not mconsistent with the mechamcal theory of pain 
which we have put forward, because the presence of acid may alter the 
tone of the muscle, and so brmg the pain mechanism mto action, as he 
himself is inchned to suggest 


Conclusions 

(1) Bayhss and Starling’s law of the Intestine or Myentenc 
Beflex has been demonstrated m the lower end of the oesophagus and 
Jipphed to oesophageal peristalsis 
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explained m this way However, we did find that diastohc pressures m 
the stomach associated with pain were usually much below those lu the 
(esophagus It is clear from the formula t = pr, that the larger the 
posture the less will be the pressure recjuired to produce a given tension, 
and this may possibly account for the difference between the stomach 
and oesophagus 

The theory of visceral pam which we have described is an extension 
of that suggested first by Sherrington (26), then by Hurst (5), and more 
recently by Ryle(i8) A W Mayer (22) has claimed that contracture 
as well as stretching is a cause of pam m the mtestme, and that con- 
tracture produced by mjectmg BaCl^ mto the pentoneal (javity produces 
pam by forming rigid loops of mtestme which stretch the mtervening 
mesentery Stretching of the mesentery may possibly be an additional 
cause of pam where a mesentery exists, though Mackenzie’s observa- 
tion (27) is rather against this, but it is very unlikely to be the chief cause 
of pam produced by banum We have poured BaCl 2 mto the peritoneal 
cavity of an aneesthetised cat The effect of the apphcation was to divide 
the gut sharply mto many contracted and dilated portions, and m the 
latter the contents appeared to be imder considerable pressure It looked 
as if the activity had caused the contents to be squeezed out of the 
contracted parts mto the mtervening dilated portions In some places 
rapid peristaltic waves were seen, m others there were none, t e pen- 
stalsiB was held up m its progress, and this would give rise to severe pain 
as illustrated m Fig 3 

Hurst (23) has recently elaborated his tension theory of visceral pain 
along rather similar hnes to account for hunger pam m the stomach 
He suggests that as a peristaltic contraction advances over the pyloric 
part it causes mcreased pressure, and so mcreased tension not m the 
proximal part of the stomach, but m the wall mtervenmg between the 
contraction itself and the closed pylorus, and consequently pam is 
produced here This mechanism might act if the walls of the stomach 
were pressed tightly together at the site of the peristaltic contraction, 
as he suggested previously (6), but if a gap was left it would only act if 
there were lumps of food present or the viscosity of the stomach contents 
was so high that they could only with difficulty be squeezed back through 
the gap But this would seem unlikely m hunger Further, Reynolds 
and McClure have found from X-ray exanunation that peristalsis 
sometimes ceases at the onset of pam, though it must be admitted that 
these authors took no account of the possibihty that the pam was pro 
duced m the (esophagus We, also, had already published a tracing 
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(1, Pig 20) vAnck showed that a momentary hunger pam was signalled 
after contraction of the stomach, and we had found that exactly similar 
contractions were recorded one second later m the duodenum, which is 
strongly suggestive of the pylorus being open, so that Hurst s thcorj’^ 
could not be apphed m this case 

Cannon and Washburn m their ongmal commumcation and 
Carlson more recently have spoken of hunger cojjtraciwns, though the 
former stated that they occurred before the sensation of pain Their 
tracmgs show both contractions and rise of tonus, but tbe rate of the 
drum was so slow that it is difficult to analyse them closely W e see no 
reason why the nse m tonus rather then the contractions should not be 
held responsible for the pam Further Carlson has found that hunger 
sometimes causes a great nse of tonus with contractions of dimimshmg 
amplitude which he calls an mcomplete tetanus This result is quite hke 
that shown m our lower record m Fig 3 (Exp 1), where the pam was 
contmuous, showmg only mmor variations in mtensity Agam, a tracing 
of A. J Carlson’s (2i, p 70, Fig 12) does suggest to some extent that 
pam IS felt dunng muscular relaxation of the stomach 

Sir James iIackenzie(2T) has suggested that contraction of the 
bowel into a ‘‘thick fleshy rod” produces pam But the descnption of 
the observation that he gives suggests that he had clamped the gut 
preparatory to performing an anastomosis and m this case pain might 
have been caused by the holding np of peristalsis as already described 
Further, we know that the firmly contracted uterus after parturition is 
not painful, nor is the firmly contracted colon in mnco-membranous 
cohtis 

W L Palmer(i9) has shown that the hydrochlonc acid of the gastnc 
juice may cause pam m patients with gastnc ulcer, etc , though not in 
healthy subjects We certainly agree that m some patients washing out 
the stomach with dilute hydrochlonc acid, or its admmistration, is painful, 
but these facts are not mconsistent with the mechamcal theory of pam 
which we have put forward, because the presence of acid may alter the 
tone of the muscle, and so bring the pam mechanism mto action, as he 
himself IS inclined to suggest 


COXCLUSIOXS 

(1) Ba 5 liss and Starling’s law of the Intestine or Myentenc 
Bedes has been demonstrated m the lower end of the oesophagus and 
apphed to oesophageal peristalsis 
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(2) CEsophageal waves resulting from swallowing, secondary swallow- 
ing and secondary peristalsis, liave been described 

(S) Tonus in plain muscle bas been defined as tbe tension of the 
muscle durmg diastole Pam produced experimentally is associated with 
bigb tonus 

(4) As tbe result of kymograpbic and radiographic exanunation of 
tbe normal oesophagus it is suggested that visceral pam results from 
a stretching force m the viscus and is caused by stretching and deformity 
of the pam endmgs m the wall It is rebeved by a peristaltic contraction 
that overcomes tbe stretch, or by postural adaption which increases the 
capacity of the viscus It is made worse by a peristaltic contraction 
which IS unable to overcome the stretch, and which is consequently held 
up m its course The latter causes painful spasm 

(5) '‘Burnmg” pam results from a contmuous stretching and de- 
formity of pam endmgs When rebeved penodically by successive 
peristaltic waves it becomes ‘^gnppmg’’ m character Pam is especially 
apt to occur during the muscular relaxation that follows a peristaltic 
wave Visceral pam experimentally produced if prolonged and severe 
IS followed by cutaneous hypersesthesia and other signs of referred pam, 
and may produce unpleasant results later 

(6) The apphcation of these findings to previous results obtamed by 
others and ourselves is considered 
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THE ACTION OF INSULIN ON THE ASEPTICALLY 
PERFUSED HEART 

By R BODO and H P MARKS 
{From the N ahonal Institute for Medical Research, London ) 

K 

CoTJSY(i)j of Noyon^s laboratory, bas recently repeated tbe perfusion 
experiments of Hepburn and Latcliford(2} on the isolated rabbit’s 
heart, in which they observed an increase m apparent sugar disappearance 
following the administration of insulin But, whereas under ordinary 
conditions, the former observes a similar mcrease, when aseptic pre- 
cautions are taken, he finds the sugar consumption to be practically 
abolished, instead of mcreased Thus, m a number of experiments per- 
formed m the ordinary way, the apparent sugar disappearance was in- 
creased on the average from 1 08 to 1 85 mgr per gr of heart per hour 
under the action of insulin, while m similar aseptic expenmeuts it was 
reduced from 0 85 to 0 15 mgr per gr per hour 

Prom these results Cousy concludes that insuhn inhibits the glyco- 
lytic action of the heart, and attributes the mcrease m sugar disappearance 
normally observed after insulm to the action of bactenal contanunation 
Smce this explanation appeared highly improbable m the hght of previous 
work on perfused heart and skeletal muscle, earned out m this Institute 
by Burn and Dale(3), it seemed desirable to repeat Cousy’s aseptic ex- 
periments 

Our first diJB&culty arose m connection with the preparation of sterile 
Bmger-Locke solution Unfortunately, Cousy does not give any details 
concermng his perfusion solution, except that he boiled his solution and 
brought it back to the ongmal volume He does not mention the com- 
position of the solution which he boiled, although it is well-known that 
this procedure leads to loss of carbon dioxide and precipitation of the 
calcium carbonate We were only able to avoid this by stenhsing the 
sodium bicarbonate solution separately from the other salts 

The procedure was as follows The bicarbonate solution, to which was 
added a drop of phenolphthalem, was first boded and cooled, durmg 
which process it became carbonate through loss of carbon dioxide This 
latter was replaced by leading m a stream of the gas untd the deep red 
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colour discharged, and then the excess of carbon dioxide "was re- 
moTed bv oxygenating the solution until the original faint pink colour 
appeared The bicarbonate solution ^as then mixed into the solution of 
the remaining Emger salts, previously boiled cooled and thoroughly 
oxygenated, and, after addition of the glucose solution (sterilised three 
tunes in steam) 'vras finally made up to volume in a sterilised one litre 
flask 

Aseptic precautions 'v^ere observed through ont The necks of all 
flasks were protected from contamination bv inverted beakers, and were 
flamed before the transfer of solution The tube for leading in carbon 
dioxide and oxygen was provided with a bulb containing a plug of steule 
wool, and with a glass hood to protect the neck of the flask and was 
previouslv sterilised in the autoclave (The efiectiveness of these pre- 
cautions was always controlled by preparing agar plates from the final 
solution ) The solution so obtained was identical in its composition with 
that described by Locke and Rosenheim (5), and had the same 
hut was also stenie 

All flasks were of either Jena or Pyrex glass, and the distilled water 
used was previouslv redistilled in Pyrex glass apparatus m order to 
eliminate traces of heavy metals The salts used were Kahlbaum s punss 
and the composition of the solution was as follows 

iSaClO 9p c KCIO 042p c ,CaCLanhydr 0 024p c j^aHCOgO 02p c , 
Dextrose 0 1 p c 

In one or two experiments a borate Emger of the following composi- 
tion was employed 

I^aClO 9 p c KCIO 042 p c , CaCkanhvdr 0 024 p c , Dextrose 0 1 p c , 
20 c c PalitzscKsHi borax-bone acid solution of 7 6 (3 c c AI/20 
borax — 17 c c ^1^5 bone acid AI/20 KaCl) 

The preparation of this solution was qmte simple, smee it could be 
Bterihsed bv boding without fear of decomposition but we preferred to 
use in most cases the more physiological Ringer-Locke solution 

The sterilisation of the apparatus did not present much diflacultv 
A smtable form of apparatus has been desenbed bv Xovons(6), and this 
was employed bv Cousy We used a closed circmt perfusion system 
siJinlax in principle but modified so as to permit easier sterilisation and 
aseptic mampulation Bv keeping as much of the apparatus as possible 
i^ersed m warm water jackets, it was foxmd possible to dispense with 
the spiral heating tube employed bv Ko vons, and consequently to reduce 
the volume of the apparatus so that a perfusion could be performed with 
as little as 2o c c of fluid Means were provided for the addition of fluid 
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to, or removal from the apparatus 
xmder aseptic conditions, through the 
graduated tap funnel (a) and the 
shielded jet (6) respectively The 
apparatus was maintained at a 
temperature of 39^ 0 by means of 
a current of water heated by the 
electnc immersion heater (h) and 
flowmg first through the upper, and 
then through the lower water jacket, 
as mdicated by the arrows m the 
diagram A prolonged contact of 
the water with the heater was en- 
sured by surrounding the latter with 
a copper wire spiral The tempera- 
ture of the water was regulated by 
adjusting the rate of flow past the 
heatmg element, this bemg done 
by raising or lowermg the overflow 
tube (e) 

The apparatus was sterilised (m 
steam) in three portions, viz the 
part contained m the upper jacket, 
the heart chamber, and the heart 
cannula attached to a temporary re- 
servoir by a length of rubber tubing 

The upper part of the apparatus 
was first inserted mto its water 
jacket and the current of heatmg 
water adjusted to give a temperature 
of 39° C m the jacket The upper 
reservoir (/) and the temporary 
reservoir, with attached heart can- 
nula, were then filled with the warm 
stenle Rmger’s solution 

The actual experiment was per- 
formed under strict aseptic pre- 
cautions, the rabbit’s breast and 
neck having been depilated and 



pamted with lodme Under ether 


Fig n 




245 


INSULIN ACTION ON ASEPTIC HEART 

anffistliesia 'we bled tbe aTiiiaal froro. tbe carotid artery > and, after 
opening tbe cbest, tbe stenle cannnla, connected vntb the temporary 
reservoir j ’svas inserted and tied into tbe aorta Tbe beart was isolated 
and perfused in a stenle disb until tbe ontcoming fluid contained no 
more blood Tbe temporary reservoir was disconnected and the cannula 
attached to tbe apparatus by tbe juncUon ( 3 ), tbe perfusion being 
continued from tbe upper reservoir, until tbe level of tbe Einger bad 
fallen to a mark whicb indicated tbat tbe amount of ^ fluid left m tbe 
apparatus was exactly 10 c c Tbe perfusion was then momentarily 
stopped while tbe heart chamber was attached, and 52 5 c c of fresh 
Eiuger run m from tbe tap funnel (a) After perfusing tbe heart, tbe 
Ringer’s solution drams from the heart chamber and is earned by a 
fitream of oxygen issuing from the ]et ( 3 ) back to tbe upper resen oir, 
from which it agam passes to the heart through a vertical drop of about 
60 cm The mixed fluid and oxygen enter the upper reservoir through 
the greased spiral of silver wire {«?) which effectively breaks up the froth, 
while the glass-wool plug (p) prevents any sobd particles from reaching 
the heart and causmg an embobsm 

The oxygen enters the apparatus through the gas-washer (d) and the 
stenle wool ping (t), and leaves by the stenle trap (c) That the loss 
of flmd by evaporation is insignificant is shown by the fact that the 
theoretical amount of fluid can be recovered from the apparatus after 
a perfusion lastmg for four or five hours 

About ten minutes after the commencement of the perfusion proper, 
samples of fluid for bactenological control and determination of sugar 
were removed by means of a stenle syxmge and needle inserted through 
the rubber junction (j) 

Initially 124 c c of flmd were removed, two portions of 5 c c bemg 
nuxed with glncose-agar and poured into Petn dishes for incubation 
at 37^C , and 2 c c bemg deprotemised with zme hydroxide for sugar 
determination, by the Hagedom-Jennsen method 

Further samples were removed for sugar determination at half -hourly 
nitervals, and samples for bactenological control in addition, at the end 
of each perfusion period After a control penod of one hour, as much as 
possible of the perfusion flmd was removed by the jet (6) and replaced by 

appropnate amount of fresh Emger containing the required amount 
of insulin By this means metabohe products were removed as far as 
possible, and the glucose concentration brought back nearly to tbe 
ongmal value, so as to have the same conditions m the second penod as 
^ tbe first Aiter five minutes’ perfusion to allow thorough mmng, 
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to, or removal from the apparatus 
under aseptic conditions, through the 
graduated tap funnel (a) and the 
shielded jet (6) respectively The 
apparatus vras mamtamed at a 
temperature of 39° C by means of 
a current of water heated by the 
electric immersion heater (h) and 
flowing first through the upper, and 
then through the lower water jacket, 
as indicated by the arrows m the 
diagram A prolonged contact of 
the water with the heater was en- 
sured by surrounding the latter with 
a copper wire spiral The tempera- 
ture of the water was regulated by 
adjustmg the rate of flow past the 
heatmg element, this bemg done 
by raismg or lowermg the overflow 
tube (e) 

The apparatus was stenhsed (m 
steam) in three portions, viz the 
part contamed in the upper jacket, 
the heart chamber, and the heart 
cannula attached to a temporary re- ^ 
servoir by a length of rubber tubmg 

The upper part of the apparatus 
was first inserted into its water 
jacket and the current of heatmg 
water adjusted to give a temperature 
of 39° 0 m the jacket The upper 
reservoir (/) and the temporary 
reservoir, with attached heart can- 
nula, were then filled with the warm 
sterile Rmger’s solution 

The actual experiment was per- 
formed under strict aseptic pre- 
cautions, the rabbit’s breast and 
neck havmg been depilated and 
pamted with lodme Under ether 



6 




a 



Fig 1 
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INSULIN ACTION ON ASEPTIC HEART 

EniBstlicsia. "WG bled tlio eiudieI froni tli6 CEtotid Ertery, End, Eftcr 
opening the chesty the sterile caimulEj connected with the temporEry 
lesexToix, WES inserted End tied into the aortE The heart was isolated 
and perfused in a sterile dish until the outcouung fluid contained no 
more blood The temporary reservoir was disconnected and the cannula 
attached to the apparatus by the junction (j), the perfusion being 
continued from tbe upper reservoir, until the level of the Ringer had 
fallen to a mark which indicated that the amount o£^ fluid left in the 
apparatus was exactly 10 c c The perfusion was then momentarily 
stopped while the heart chamber was attached, and 52 5 c c of fresh 
Ringer run in from the tap funnel (a) After perfusmg the heart, the 
Emger’s solution drains from the heart chamber and is earned by a 
stream of oxygen issuing from tbe jet (^) back to tbe upper reservoir, 
from which it agam passes to the heart through a vertical drop of about 
60 cm Tbe mixed fluid and oxygen enter the upper xe&ervoir through 
the greased spiral of silver wire [id] which efiectively breaks up the froth, 
wbile the glass-wool plug (p) prevents any sohd particles from reaching 
the heart and causing an embolism 

The oxygen enters the apparatus through tbe gas-washer {d) and the 
sterile wool ping (x), and leaves by the sterile trap (c) That the loss 
of fluid by evaporation is insignificant is shown by the fact that the 
theoretical amount of fluid can be recovered from the apparatus after 
a perfusion lastmg for four or five hours 

About ten minutes after tbe commencement of tbe perfusion proper, 
samples of fluid for bacteriological control and determination of sugar 
were removed by means of a sterile syrmge and needle inserted through 
the rubber junction (j) 

Initially 124 c c of fluid were removed, two portions of 5 c c bemg 
mixed with glucose-agar and poured into Petn dishes for mcubation 
at , and 2 c c bemg deproteinised with zme hydroxide for sugar 
detenmnation, by the Hagedom-Jennsen method 

Further samples were removed for sugar detenmnation at haK-hourly 
intervals, and samples for bactenological control m addition, at the end 
of each perfusion period After a control penod of one hour, as much as 
possible of the perfusion flmd was removed by the jet (b) and replaced by 
an appxopnate amount of fresh Rmger containing the required amount 
of msuhn By this means metabohe products were removed as far as 
possible, and the glucose concentration brought back nearly to the 
ongmal value, so as to have the same conditions m the second penod as 
in the first After five minutes’ perfusion to allow thorough mixing 
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initial samples for the period were withdrawn After one hour insulin 
period, the process was repeated for a second insnlm period where 
possible 

The following is a typical experiment m full 


Table L 


Tune 

Sugar con 
sumption in 
mgr per 

Tempera 

ture 

Heart-rate 

Outflovrm 
drops per 

Bacterial 

contami 

nation 

gr per hour 


per muL 

mm. 

per c,c. 

Control penod 

1 5 let sample 

06 

1 0 

39 0 

165 

165 

0 

1 35 2nd sample 

39 0 

174 

171 


2 5 3rd sample 

39 2 

171 

108 

G 

1st Insnlm period (1 unit) 

2 25 4th sample 

29 

20 

39 2 

174 

165 



2 55 6th sample 

39 0 

174 

156 



3 25 6th sample 

39 0 

174 

138 

0 

2nd Insnlm period (1 unit) 

3 37 7th sample 

1 8 

20 

39 0 

163 

126 


4 7 8th sample 

39 0 

163 

100 

— 

4 37 9th sample 

— 

— 

— 

8 


One umt of insulin was used m all such experiments This amount is 
sufficient to produce a well-marked efiect m the whole animal and should 
therefore suffice for the isolated heart We did not use the large doses 
employed by Cousy, (20-40 units) as one of us (R B ) has foimd that, 
m the heart-lung preparation, even of the dog, such doses produce a heart 
dilatation and constriction of the coronary vessels On the other hand, 
one unit has no constrictor effect on the coronary vessels The expen 
ments were considered satisfactory only so long as the temperature, 
heart-rate, and coronary flow (measured by the drops fallmg from the 
heart apex) remamed practically constant Sometimes m the later 
periods the coronary flow would change, through capillary embolus or 
capillary oedema, and such penods are not mcluded m the table sum- 
marising our experiments 

In order to observe the effect of the procedure of changmg the Kmger 
on the apparent sugar disappearance, a few control experiments were 
earned out m the same way, but without the addition of insuhn to the 
fresh Rmger used m the later penods The foUowmg control expenment 
(Table II) is typical 

From Table III, which summarises our results, it is seen that 
iTianlin mcreases the apparent sugar disappearance m our aseptic ex- 
periments at least as much as m the non-stenle expenments of p^e^^ous 
workers 
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Tabl'E IL 


Tune 

Fust penod 

1 50 1st sample 

2 20 2ad sample 

2 50 3rd sample 

Second period 

3 8 4tli sample 

3 38 6th. sample 
4*8 6th sample 

Third period 
4.20 7th sample 

4 50 8th sample 

5 20 9th sample 


Sugar con 
sumption in 
mgr per 
gr per hour 


Bacterial 

Outflow m contami 


tur© 

Heart-rate 

drops ]ier 

nation 


per mm. 

miu- 

per c c 

39 2 

180 

ISO 

3 

39 2 

180 

180 

■ — 

39 0 

180 

180 

3 

39 0 

180 

180 

— 

39 2 

ISO 

ISO 

1 

39 2 

ISO 

102 

_ 

39 0 

165 

102 

. — 

39 0 

ISO 

90 

5 


Table HL 


Sugar consumption for each half hour m mgr 
gr hr 


Bact 

contamination 
per c c 


Expt. 

lat hour 

2nd hour 

3rd hour 

. 

. 

No 

control 

insulm 

insulm 

Initial 

Fmal 

1 

10 10 

20 12 

14 — 

0 

5 

2 

10 10 

3 2 20 

18 19 

1 4 

09 

3 

06 10 

29 20 

18 — 

0 

08 


Control 

Control 

Control 



4 

05 11 

14 11 

10 — 

03 

05 

5 

16 12 

15 11 

— — 

06 

12 

0* 

14 08 

12 13 

22 18 


— 

7 * 

11 13 

11 11 

14 

40 

120 


* Without aseptic precautions. 

It vali be Been from Table III that we did not acbieve absolute 
stenbty of woiking m these expenments We doubt, indeed, the possi- 
bility of carrying out the relatively complicated tecbnique of this per- 
fusion m such a way as to exclude a very small number of bacteria with 
complete regularity We took the precaution, however, of making regular 
bacterial counts from samples of the duid taken at intervals , the results 
of these, as shown in the tables, make it clear that the contamination was 
mmimal, and that no serious multiplication took place during the course 
of the experiments Certainly there was no such growth m the experi- 
ments arming at asepsis, as could account for any significant part of the 
large acceleration of sugar disappearance which followed the addition of 
insnhn , nor was there any evidence that the addition of msuhn influenced 
the rate of bacterial multiplication lu Cousy’s paper, where the effect 
of msuhn is apparently attributed to bacterial growth, there is no record 
of hactenal counts, or any other indication that direct evidence was 
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obtaaned of a connection between inBulin and bacterial action la two 
control expenmentSj without insulin or asepsis, we observed an apparent 
increase of sugar consumption m the final period, which could reasonably 
be attributed to the bacterial growth, then probably becoming active, 
but this could have no coimection with the effect seen in the insulin 
expenments, where a much larger acceleration of sugar disappearance 
followed the mtroduction of insulin without any effect on the practically 
aseptic conditions 

Conclusion 

From the above results we draw only one conclusion, namely that the 
accelerated disappearance of sugar, from the flmd perfusmg an isolated 
mammahan heart, under the influence of msulm, is a real phenomenon, 
and is not connected with bactenal contamination of the perfusion fluid 
Our experiments throw no new hght on the question of the fate of the 
sugar so disappearing They show, as did those of Burn and Dale, that 
a large acceleration of sugar disappearance may occur without any sig 
mficant acceleration of the heart beat From analogy with the effect of 
msulm on skeletal muscle it would be expected that part of the glucose 
so disappearmg is stored as glycogen, but it is not possible to carry out 
on the heart such adequate control analyses as would enable such a 
storage to be demonstrated 

SUMMABY 

1 Apparatus and technique for aseptic perfusion of the isolated 
heart are descnbed 

2 The mcrease m sugar disappearance after insulin, observed by 
previous workers, also occurs imder stenle conditions 
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THE PERMEABILITY AND DIAMETER OF THE 
CAPILLARIES IN THE WEB OF THE BROWN FROG 
{R TEMPORARIA) WHEN PERFUSED WITH SOLUTIONS 
CONTAINING PITUITARY EXTRACT AND HORSE 
SERUM By CECIL K DRINKER 

{From the Laboratory of ZodphysioJogy^ Vjiiiersity of Cope7ihage7i ) 

Iy 1921 Krogh and Harrop(i) perfused the leg of the brown frog 
through the femoral artery and found that the addition of defibnnated 
ox blood to a 3 p c acacia'Ringer solution had a pronounced effect in 
preventing capillary dilatation This effect, though somewhat variable 
in degree, was sufficiently vivid to cause the authors to prepare dialysates 
of blood serum, which, when added to Ringer’s solution plus washed 
ox red cells or to 3 p c acacia-Rmger’s solution plus washed ox red 
cells, also had an effect in preventing capillary dilation, or, m the nsual 
phraseology, m mamtaming capiUary tonus If unsiutable perfusion 
fluids were used, the appearance of oedema was noted m these experi- 
ments but, since at that time the actual diameter of the capiUanes was 
the sub]ect under observation, the possible relations between dilatation 
and appearance of oedema were not followed Later experiments, into 
the details of which it is unnecessary to go, suggested that secretion from 
the postenox lobe of the pituitary gland might well be the ultimate con- 
stituent of serum which mamtamed the capdlanes at normal diameter 
Dunng the past six years, experimental attention has centred more 
upon the action of histamine and histamine-like substances which cause 
capillary dilatation and oedema, than upon the possible existence of a 
substance which mamtains the capiUanes m that normal state of con- 
traction we call tone In relation, however, to the position of pituitrm 
as the agent for this important end, several points have been made 
Carrier(2) found that pituitrm (Parke, Davis & Co ) m strong concentra- 
tions, mtroduced around the capillaries at the base of the nail, caused 
them to constnet Kolls and GeilingO) obtained marked capiUaiy 
constriction m the dog’s ear after givmg large mtravenons mjections of 
pituitary bquid S a c ks H) obtamed a surdlar result m man and with more 
dilute solutions Comcident with capillary constnction. Sacks was able 
to show a restramt of oedema formation Krogh(5), m 1926, utflismg 

PH Lxm 
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melanopliore dilatation as a means of detecting the presence of the 
pituitary hormone m perfusion experiments on the legs of brown frogs, 
found it possible to show the presence of traces of this substance in 
normal horse serum These observations caused him to suggest again that 
one of the functions of pituitary secretion may be the mamtenance of 
capillary tone Dale (6) has recently summansed the evidence which has 
led him to the conclusion that pituitnn alone is not an important agent 
for this end 

In summary, then, it has been found that serum possesses the power 
to prevent capillary dilatation, that pituitary extracts cause contraction 
in frog and mammalian capiUanes, and that traces of pitmtrm, frog 
melanophores being used as indicators, exist in mammahan serum The 
experiments which follow constitute an attempt to devise a preparation 
which will permit photographic records of the web capillanes at repeated 
mtervals during long experiments, combmed with accurate measure 
ments of perfusion flow and onset of oedema The results obtamed m the 
case of pitmtary extract are not m conformity with the hypothesis that 
pituitnn IS an effective agent for mamtenance of capillary tone, but, as 
will be pomted out, this contradiction has appeared as the result of an 
experimental procedure not entirely similar to that ongmally used by 
Krogb and Harrop(i), and serves more as an indication of the com- 
plicated nature of the action of pitmtrm than as a certam negation of 
pituitary influence upon tone 


Tecunique 

A Peifusion apparatus The perfusion apparatus is essentially that 
described by Krogh(i), namely, a rhythmically operative air blast 
playing upon the surface of the perfusion fluids and forcmg them towards 
the animal Systolic and diastohc pressures are qmckly adjustable and 
are reasonably constant Smce the flmds used have contamed no cor- 
puscles, the rmyiri g reservoirs employed by Kro gh have been supplanted 
by 10 c c graduated pipettes Each is arranged as shown m Fig 1 
A row of these pipettes in a stand permits the use of different flmds in an 
experiment. As dehvery progresses, the pressure obviously falls This 
does not, however, affect the accuracy of the figures for blood flow smce 
these mvanably cover given penods of time, usually ten mmutes, at the 
end of which the flmd is agam drawn up to a uniform startmg level As 
a consequence, pressures during each penod of perfusion are the same 
B Preparation and arrangement of frog For perfusion purposes, the 
arrangement of the vessels m the leg and foot of the frog are smgulafl/ 
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advantageoTis The anterior tibial artery is easily found under the ex- 
ternal margin of the tibia, just above the ankle joint It passes under 
the cmro-tarsal ligament and becomes the 
dorsalis pedis, the prmcipal source of blood 
supply for the dorsum of the foot Both 
dorsal and plantar blood vessels anastomose 
freely and umte m supplying the \reb, the 
dorsal supply bemg somewhat the larger 
Anastomosis also occurs proximal to the web 
and one can readily develop situations on 
which flmd, mtroduced through the anterior 
tibial, passes by these connections into the 
plantar vessels and flows out of cut artenal 
twigs without entering the web capillaries 
The web cannot he perfused thoroughly if 
other artenes axe not completely obstructed 
and the venous outflow free 

To accomplish these results, the following 
dissection is made The skm of the leg is 
sht on both mtemal and external surfaces 
from the ankle to the knee, and the resultmg 
anterior and posterior nhhons of skm are 
cut between hgatures These ligatures are 
important not only for obstructmg cut skm Fig l Perfusion burette. Reser 

vessels hut even more because they draw ^ contains perfusion fluid 

.1, . to be dra’mi into the burette 

tne skm nglit around the ankle and prevent by suction on Tube 3 Tube 2 

Thegasto- 

cnemms tendon is freed and cut between, ■t flmd deUverr through 
bgatnres The muscle is theu loosened up 

to Its ongm, caie being taken to bgate all blood vessels It is im- 
perative that tbe peroneal vem, wbich becomes tbe popbteal behind 
tbe knee jomt, should be tbe only possible pomt of escape for tbe 
perfusmg flmd "Wben tbe gastrocnemius is freed to tbe knee and is 
drawn back, the popbteal vem is fuUy displayed and is readfly cut 
after tbe perfusion has been started. Tbe scaatac nerve is now freed 
]ust above tbe knee and a heavy bgatnre passed under tbe nerve and 
aronnd the thigh. When this bgatnre is tied, tbe leg is isolated as 
far as circnlation is concerned, but tbe nervous control of tbe vessels 
remains 

At this pomt m tbe dissection, tbe frog is placed, back down, upon a 

17—2 
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brass tray (1, Pig 2) This tray can be attached to the movable stage 
of the microscope by a turn of the long screw, 2, and by the lugs, 3 and 4 



Fig 2 Arrangement of the frog for perfusion of the web and micro photography 

of the capillaries 


It possesses a window, 6, closed by a movable plate of glass The frog s 
foot rests flat upon this plate, the position being readily obtained by 
bendmg the knee over a lump of plasticme With the frog arranged upon 
the brass tray, which is not as yet fastened upon the microscopic stage, 
the antenor tibial artery is exposed just above the ankle jomt, and two 
bgatures of fine silk are placed imder it In 60 gm frogs the vessel is 
about 0 2 mm m diameter Its dissection, therefore, and the subsequent 
cannulation require the use of the bmocular microscope The cannulas 
used are best made of clear quartz tubmg Pyrex tubmg is somewhat 
easier to work, but I have been unable to make from it cannulas which 
possess at the tip an outside diameter of not more than 0 4 mm in the 
bulging part and which still retam a good-sized opemng The toughness 
of clear quartz permits one to make cannulas which are strong enough to 
withstand vigorous tying and which, at the same time, possess an ex 
tremely thm wall and a consequently relatively large lumen It is 
necessary that the cannula tip be evenly bevelled by gnnding on a razor 
hone under the microscope and that the pomt be smoothed by flammg 
The cannula is connected with the dehvery tubmg from the pressure 
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burettes by means of a '‘T/' as sbo^ra m 6 (Pig 2) This is done to permit 
the insertion of a capillary tube which is connected by tubing at 7 with 
the pressure reserroir containing graphite ink The arrangement is 
exactly that of the Brodie washout cannula and penmts the shift from 
clear perfusion fluid to graphite ink without delay The cannula and 
tubing having been filled with perfusion fluid and with ink, the proximal 
hgatuie upon the anterior tibial artery is tied and the vessel is opened by 
graspmg the wall with finely pomted forceps and makmg a cut with 
forceps-scissors of the type described by Krogh(5) The cannula is in- 
troduced and IS then held m place bv embedding it in a lump of plasticme 
(8, Fig 2) and bv covering it with a small shp of the same substance 
The perfusion is then started TTith the fluid running the distal bgature 
IS tied securely around the neck of the cannula and the cannula is ad- 
justed so as to lie m perfect abgnment The bgature, 9, about the thigh 
xs now tied and the popbteal vem cut behind the knee The brass tray 
carrvmg the frog, with the perfusion fluid running, is next moved to the 
stage of the microscope and locked there by means of the screw, 2, and 
the two lugs, 3 and 4 The adjusting screws, 10 and 11, of the movable 
stage readily brmg the frog's web mto the line of microscopic vision 
The arrangement described results m the perfusion of the skm of the 
foot, together with the muscles and bones The leg muscles receive sbght 
but variable amounts of perfusate on account of the anastomotic loops 
with the plantar vessels, and a very minor fraction may even reach the 
gastrocnemius The effluent fluid comes from the popbteal vem alone 

The time which elapses between the tying of the anterior tibial artery 
and the introduction of the cannnla and the starting of the perfusion is 
ordinarily about two minutes but if it is longer no harm is done, smce the 
plantar circulation continues uninterruptedly until the thigh bgature is 
tied 

Frogs have been curansed and the brain destroyed, care being taken 
to keep well above the medulla The curare used is one of a number of 
specimens obtamed from South America several years ago and shown in 
a large number of mammaban expenmenta to be without appreciable 
efiect on the vascular apparatus Curansation is necessary smce the foot 
must not move through long periods of microscopic observation dnrmg 
which the same field is photographed agam and agam Destruction of the 
bram and cord, while givmg a qmesceut animal, mtroduces conditions of 
vascular dilatation so variable and so poorly understood as to make it 
impossible to secure preparations which behave uniformly 

The perfusion pressures utilised are recorded with the experiments 
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Landis ( 7 ) gives a senes of measurements of pressure in the mesentenc 
artenes of frogs which fall between systolic values of 60 and 24 and corre 
spondmg diastolic values of 24 and 3 cm of water My measurements of 
mean pressure m the antenor tibial artery of decerebrated, curansed 
frogs are in the same range Different rates of flmd flow have been em 
ployed in the vanous experiments reported m this paper, adjustments 
bemg made m accordance with the requirements of the particular 
expenment 

G Methods of observation and recording A Leitz microscope equipped 
with the Siedentopf photographic eyepiece (Zeiss) has been employed 
This eyepiece permits the use of 4 6 x 6 cnu film packs and is ideally 
adapted for capillary work smce one can see the field while photo- 


graphing . n 

In the enlarged photomicrographs shown m Figs 6 and 8 A, E and , 
it IS possible to find capiUanes containing graphite ink and, outside the 
sobd band of ink, a fine hne which looks like the capillary Wall Sue 
appearances express defects m the techmque of photographic recording 
The ink distributes itself evenly in the individual capiUanes practice y 
as soon as it enters them and the outer margins of the bands of 
which appear m the illustrations constitute a true measure of capillary 


diameter otl £ f 

The charts of mdividual experiments contam three curves The 
of these consists of a senes of arrows, each of which gives the average 
blood flow m cubic centimetres per nunute for a penod of minutes, 
covered by the length of the arrow The second curve, a broken hn^ 
gives the time m seconds required for the graphite mk to reach the we 
capillanes after bemg turned on m the perfusmg cannula This curve o 
ink appearance tune is of great importance m mdicating the u^om 
condition of the preparation The third curve is a sohd hne and indi^ 
the appearance and development of oedema A number of methods have 
been tned m order to get the earhest possible mdication of <^p 
leakage A capillary manometer has been mtroduced under ^ ® ® ’ 

the whole foot has been placed m a plethysmograph, and rep^ 
photographs of the foot have been made Photographs are o grea 
but, even when measured most carefully, are not ordma^ so , 

as the method upon which this third curve is based When 
microscopic field is selected, the micrometer on the fine adjustmen o 
microscope is set at zero and a clear focus on the upper 
.oh Ob Jmed mth the coarse adjustment If the web swell^tto foc^ 

hone , must be drawn up by the fine adjustment ton 

The cannula is conx^ 
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staiit r6adiDgs of tli6 fin e adjustment micrometer ttiU tlms ^ve an indi- 
cation of swelling or of shnnlang— an mdex whicli is at its best m the 
first stages of cedema TVhen oedema has progressed, the web is often 
lifted or distorted, owing to swelling of the toes A pronounced alteration 
of focus is, however, in my experience, the best means available for the 
recogmtion of early cndema The measurement is, necessarily, not an 
exact one and no attempt has been made to plot the readings in terais of 
actual swelling of the web 'When below the abscissa, the sohd-line curve 
mdicates shimkage, when above, swelling Under the magmfication 
used, differences of twenty pomts above or below are of no significance 
A large movement in a single direction indicates a positive change m 
the foot 

D Perfusion fluids A description of the method of preparation and 
an account of the properties of the graphite mk which is alternated with 
the perfusion fluids is to be found m a separate paper (6) In the expen- 
ments here recorded, the ink has never been allowed to flow continu- 
ously for long penods but has been used m order to make possible photo- 
graphing of the web capillaries and in order to give evidence, at suitable 
mtervals, of the condition of capiUary flow 

Acacia — obtamed from a local firm — ^has served as a basis for the 
perfusion fluids A sample specimen of the material used throughout the 
entire group of expemnents was found on analysis to contam 

Calcium as CaO 0 80 p c 
Potassium as K 2 O 0 78 „ 

Magnesium as MgO 0 32 „ 

A representative frog Rmger’s solution ( 9 ) contains 0 012 p c calcium 
chlonde and 0 014 p c potassium chlonde If one calculates the calcium 
and the potassium as chlorides m the above acacia, one will find that 
a 3 p c acacia solution — ^the usual strength employed — ^there is 
0 048 p c calcium chlonde and 0 037 p c potassium chlonde These 
figures are high, but smce the degree to which the calcium and the 
potassium of acacia exist m ionised form is undoubtedly low, it is 
probable that the calcium and the potassium content of the acacia 
used are reasonably adequate 

The colloid osmotic pressure of 3 p c acacia plus 0 65 p c sodium 
chlonde has been measured a number of times (lO), and has been found 
to vary between 72 5 and 78 mm of water The average of many 
etermmations of the colloid osmotic pressure of frog's blood, made with 
the same membrane, has been 71 mm of water 
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than has been thonght They leak protem-contaming fluid at all dia- 
meters but this leakage is never excessive unless capillary integrity is 
lost It IS of interest that completely free transudation is accompanied 
by extreme dilatation, so that one may consider true oedema and large 
capillary dilatation as inevitably concomitant phenomena 

In tbe following experiments, wben capillary oedema is descnbed as 
occurring, a rapid and large swelling of tbe foot is meant Under normal 
conditions of pressure, tbis type of swelling does not take place unless 
very hypotonic solutions are used For example, 40 p c horse serum 
m 0 65 p c sodium chloride has an osmotic pressure identical with 
frog serum If such a solution is perfused at au excessive pressure, 
there will ensue a slow swelling of the foot, a swelling which eventually 
ceases If now the perfusate is changed to a 3 p c acacia in 0 65 p c 
sodium chloride and the pressure greatly reduced, the foot will again 
begin to swell and will become hugely distorted if the perfusion is con- 
tmued The problem which concerns us is tbe condition of the capiUanes 
when this true oedema occurs and the nature of solutions that will 
prevent it 

The perfusates upon which this paper is based are hsted m Table I 

Table L List op solutions used in the perfusions 
(Oamolic pressures are for the colloids of the various perfusates and ha\ e been determined, 
in all cases, by me of membrane 4 B (see p 255) With the same membrane the coUoid 
osmotic pressure of frog serum averages 71 mm of H,0 The pH of all solutions is 
betu-ecu 7 3 and 8 ) 

1 Three p c acacia in 0 05 p c NaCI, with and without pituitary extract Colloid 
osmotic pressure 76 2 mm H^O 

2 Six p c acacia m 0 65 p c NaCl with and without pitmtaiy extract CoUoid osmotic 
pressure, 211 mim H^O 

3 Three p c acacia plus 5 p c stock horse scrum in 0 65 p c NaCl, with and without 
pituitary extract Colloid osmotic pressure 78 mm H 0 

4 Three p c acacia plus 10 p c stock horse serum m 0 65 p c NnCl with and without 
pituitary extract Colloid osmotic pressure 103 mm HjO 

5 Three p c acacia plus 15 p c stock horse serum m 0 65 p c NaCl, with and without 
pitmtarv extract CoUoid osmotic pressure 111 mm H,0 

6 Three p c. acacia plus 20 p c stock horse serum m 0 05 p c NaCl with and without 
pituitarN extract CoUoid osmotic pressure 120 ranu HjO 

Protocols ot expenments mtli 3 and 6 p c acacia, with and -without 
pituitary extract, -mil not he given Even -with perfusion pressures far 
e ow those normally present in the antenor tibial artery, these solutions 
cause the appearance of a true endema This oedema comes after a latent 
Penod of ten to twenty minutes and, once visible, seems to progress 
*^P' y It IS as though the capillary walls, washed free of frog plasma. 
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become completely permeable to acacia Dilatation accompanies this 
free leakage Acacia in 3 p c aolutton m ptysiological saline and 
properly buffered has a viscosity above frog semm and an identical 
colloid osmotic pressure when measured with the same membrane Bnt 
the oapihanes are wholly permeable to it and pituitary extract added bj 
itself does not better the situation It seems, therefore, that any repu 
tation held by acacia as a useful mjection material must depend more 
upon the company in which it Rads itself when placed in the mammahan 
circulation than upon any sigmficant siutabihty inherent in the gum 
One encounters a very different state of affairs when one perfuses 
with acacia solutions to which stock or fresh horse serum has been added 
As the concentration of the serum is mcreased, a pomt le reached at about 



Fig S Perfusion \nth 3 p c acacia plus 6 p c stock horse serum m 0 05 p c 

pituitary extract (200 parts of standard solution in 1 000,000 of perfusing Am ) 
Abscissa, time in mmutea Ordinates c c,/10 for rates of flow- seconds for grap ite in 
appearance time, micrometer units for eurve showing appearance of cedema 
give average rate of flow per mm in a o /1 0 for a penod of minutes covered y ^ 
length broken line indicates ink appearance time and solid ImO/ micrometer rea 
upward movement indicatmg swelling of the web At S cedoma was recognisa 
grossly Pressure, 33-38 6 cm. H^O 
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16 p c "wteie tnie oedema seldom occviis A senes of figures ■will serve 
for iHuatration 

Fig 3 18 a record of a perfusion with 3 p c acacia plus 6 p c 
horse Benim m the concentration of 200 parts to 1,000,000 of solution 
(Edema begins in twenty- eight nnnntes and becomes extreme There 
IS a shght increase in perfusion flow which appears prior to the actual 
onset of oedenia Photographs, similar to those illustrating subsequent 
experiments, show capillary dilatation, coupled with marked expansion 
of melanophoxes at the end of the twenty-third minute of perfusion 
The addition of serum m 6 p c concentration to acacia is not sufficient 
to prevent true oedema or capillary dilatation, and pituitary extract 
does not better the situation 

Fig 4 IS the record of an experiment of similar type witb the horse 



*1 Perfusion 'Kith 3 p c, acacia plus 10 p c stock horse semm m 0 65 p c KaCl and 
pituitarj eitract (200 parts of standard solution in 1 000 000 of perfusing fluid) 
Charting similar to that in Pig 3 Pressure 32 4-35 cm HjO 

serum increased to 10 p c (Edema begins early and is steadily pro- 
gressive The photographic records obtained in this experiment are shown 
m Fig each enlargement representmg a portion only of the microscopic 
field Picture 1 was 'taken dunng the first ink infection after thirteen 
imnutes of perfusion The melanophores are seen just beginning to ex- 
pand as a result of the pituitary extract in the perfnsate Picture 2, 
taken at the twenty-first minute of perfusion shows the field after the 
^phite mk has been washed out by the clear perfusate Picture 3 
8 ows the melanophores eleven minutes later Picture 4 shows the 
lated condition of the capiUanes at the thirty-nintb minute of per- 
graphite ink is agam flowing under a pressure identical 
^ h that operatmg when Picture 1 was taken In this case, as in the 
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first experiment, oedema has appeared promptly and has become ex- 
treme, and this m the presence of smSScient pituitary extract to cause 



Kg 6 Photomicrographs of a section of the field from the eipenment charted in Kg ^ 
ilagnifi cation x65 

Picture 1 Capillaries made visible by graphite inh after thirteen minutes perfusion. 
Picture 2 The same field after crashing out the graphite ink with the clear perfusate 
Taken after twenty one minutes perfusion Erpanaion of the melanophoreii has began 
Picture 3 The same field eleven minutes later, showing the expansion of the melanopbores 
which has occurred as oedema has progresseil 
Picture 4. A second perfusion with graphite ink made after thirty nine minutes of per 
fusion. Pressure conditions are identical with those in Picture I, melanophores arc 
markedly dilated, and capillary dilatation is evident 

pronounced melanophore expansion Serum in 10 p c concentration 
has never served to prevent true oedema 



CAPILLARY PERMEABILITY 


261 


Fig 6 shoAvs a long expenment in 15 p c torse serum m 

3 p c acacia serves as tte perfusing fluid (Edema does not occur 
during a period of a little over tliree 
hours The solid line denotmg focal 
length moves upward to a slight 
degree in the early part of the ex- 
periment, but this upward move- 
ment does not contmue and any 
fluid escape from the capillaries 
which may be taking place is not 
m amounts above normal During 
this expeniuent, endema appreciable 
to the eye is at no tune evident 
Perfusion begins with a fluid con- 
tammg pituitary extract {F 1) After 
fifty mmntes, a shift occurs to 
one without pituitary extract {F 2), 
which 18 continued for an hour , then 
comes a return to the ongmal per- 
fusate, a shift back to the pituitary- 
free perfusate, and so on to the 
end Photographs taken durmg this 
expenment show the melanophores 
expandmg and contracting m ac- 
cordance with the presence or ab- 
sence of pituitary m the perfusates 
and capillaries which axe uniformly 
of small diameter This fa\ouxahle 
result does not constantly occur with 
15 p c horse serum m 3 p c acacia 
since this concentration of serum is 
just on the edge of effectiveness 

Fig 7 shows a long experiment m 
uhich perfusion begins witb 20 p c 
horse serum m 3 p c acacia plus 
pituitary extract Conditions re- 
main very uniform for sixty-five 
minutes 

Fig 8, A, B and C, g^^es photomicrograplis of a single field taken at 
intenals dunng the course of an expemnent Picture 1, A. was taken 
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after eleven minutes of perfusion and mth a relatively low blood flow 
It shows narrow capillaries and contracted melanophores Pictnre 2 
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at tke end of sixty-four mmutes Picture 4, taken five nunutea after 3, 
skows tke ^vek mtk tke grapkite ink wasked out and tke melanopkores 
expanded as a result of tke pituitary extract in tke perfusate {F 1) 



Fig 8 A Picture 1 Capillaries injected with graphite ink after eleven and one half 
nmiutcs perfusion with F 1 (Fig 7) 

Ptdure 2 Second graphite ink injection after forty and one half minutes' peTfusion, 
Ptdurc 3 Third graphite ink Injection after sixty font minutes' perfusion 
Pidwrc k Mclanophorea m same field with graphite ink washed out aftersixfcy nine minutes' 
petfuBiom Magnification x 55 

Tke same perfusate, lackmg pituitary extract [F 2), beguiB to flow on tke 
sixty-fiftk minute and is continued for twenty-five minutes Picture 6 
(Pjg 8, B) gives tke condition of tke capillaries at tke close of tkis pitm- 
tary-free perfusion Tke capillaries skew a skgkt degree of dilatation, tke 
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rate of flow has risen (see Fig 7), and the melanophores have contracted, 
a fact shown better m Picture 6, taken at the ninely-second minute of 



Fig 8 B Picture 6 Fourth graphite ink injection made eighty seven and one 
minutes after beginning perfusion and showmg the efiects of a aolntion {F 
to FI but without pituitary extract 

Picture 6 Made five nunntes after Picture 6, when the graphite ink had been ^ 

Picture 7 Made at the one hundred and twenty eighth mmute of perfusion and ] ^ 
the beginnmg of oedema due to perfusion with F3 Note capillary dilatation 
melanophore expansion* 3 lo 

Picture 8 Made three mmutes after Picture 7, with graphite ink washchiout, in oru 
show the condition of the melanophores Magnification x 55 

perfusion and five minutes after 6 Perfusion with fluid 3 (F 
at ninety minutes aild is continued for the remamder of the expenmlx, . 
Up to this tune the capiUanes have dilated very ehghtly but there 
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not the least sAiggestion of oedema Flmd 3 is 3 p c acacia plus 
5 p c hoTse sexum in 0 65 p c sodium chlonde containmg pituitary 
extract, 350 parts m 1,000,000 of perfusate This contains an madeq^uate 
serum content hut is nch in pituitarj* extract (Edema is detectable 
grossly after thirty minutes of perfusion and the curve mdicatmg swelling 
of the web begins to nse at about the same time and mounts rapidly 
Picture 7 (Fig 8, B) was taken on the one hundred and twenty-eighth 
nunute of perfusion, ]ust at the beginnmg of the development of oedema 
The significant capillary dilatation and melanophoie expansion are clear 
The condition of the melanophores is plainer in Picture 8, taken five 
mmutes later with graphite ink washed out Picture 9 (Eig 8, C) was 



8 C Picture. 9 Sixth graphite ink injection at the one hundred and forty ninth 
nmmte of perfnsiOEL CEdema progressing rapidly 
Picture 10 Seventh graphite ink injection at the one hundred and seventy-eighth minute 
of perfusion. Magnification x 55 

made on the one hundred and forty-ninth minute, and Picture 10 on the 
one hundred and seventy-eighth minute As oedema progresses, there is a 
falhng ofi in the perfusion flow, and between Pictures 9 and 10 the time 
required for entrance of the graphite ink into the capillanes is greatly 
mdreased These two results usually accompany oedema and are always 
found when oedema becomes extreme As a result of flow reduction, the 
melanophores are seen to have contracted Perfusion pressures for this 
experiment are gi\ en m Table II 

IVhen solutions contain pituitary extract in moderate amounts, it is 
possible to cause melanopbore dilatation by perfusing rapidly, melano- 
phoie constnction by a reduction in flow, and the dilatation once more 
PH LXIII. 
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Table IX SIhaj; pbessitre in the anterior tibial artert 

DURING THE EXPERIMENT SHOWN I> FIG 7 


Time after begunmiig 
of PerfuBion 
mm 


19i 

32| 

64 

6H 

78 


95i 

132i 

157i 

174 

188 


iVIean 
Pressure 
cm H,0 
33 4 
341 
346 
346 
36 1 
362 
362 
353 
36 6 
36 1 
35 1 


Ibj an increase m Such, a result points to the rapid destruction of 
tihe melanophore- expanding principle m pituitary extract Indeed, given 
a constant rate of dehveiy of this substance from the gland and a con- 
stant loTv concentration in the blood of the frog, it seems possible that the 
expansion and contraction of the melanophores may depend on the 
amount of freedom of passage of the substance through capiUaiy walls — 
conditions themselves dependent upon rate of flow, capiQary pressure 
and capillary diameter 

Discussion 

The experiments reported in this paper were performed upon a single 
group of frogs between January 14 and 24, a penod not far from the 
mating season of brown frogs kept mdoors The results are, however, in 
accord with work done in November and December and undoubtedly 
give a true mdication of the facts to be ehcited from the preparation 
described In order to control the pitmtary extract, the results have also 
been verified with Parke Davis pitmtnn 

The experiments entirely confirm the finding of K r o g h and H a rr o p 6), 
that serum possesses a pecuhar power of restraining capillary dilatation 
and capillary leakage When one adds a sufficient amount of serum to an 
acacia solution, the capiUaiy membrane m contact with the mixture 
retains its normal Bema-permeabihty and does not display the utterly 
free leakage which appears when acacia alone is used The question, how- 
ever, as to whether the protective effect of serum can be explamed upon 
simple mechamcal grounds or whether it depends upon unique properties 
inherent m serum merits discussion 

The important unmeasured factor in my perfusions is the capillary 
pressure and further work including such measurements must be done 
The pressures in the anterior tibial artery, however, have been in the 
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range obtaining for tbe frog under normal circulatory conditions ^yitb 
the Hess viscosuneter, tbe viscosity of a 3 p c acacia-Hinger solution, 
referred to water, is 1 76, that of a 3 p c acacia-Binger solution plus 
20 p c horse seram is 1 85 — a very shght increase If, in a perfusion, 
one shifts from the first of these solutions to the second, keeping the 
dehvery pressure constant, the flow falls slightly, but one finds it 
impossible to beheve that the insignificant increase in viscosity which 
the 20 p c serum confers upon the 3 p c acacia can protect against 
leakage by a simple process of lowering capillary pressure In con* 
sidermg tbe protective influence of serum, one turns naturally to tbe 
constrictor effect of serum upon arterioles The facts that one can 
prevent oedema with serum when the perfusion pressure is pushed very 
high, and that one does not destroy this protective power against 
oedema and capillary dilatation by the addition of acetyl- chohn to 
serum-containmg perfusates negate the possibflity that the serum 
operates by lowermg capillary pressure tbxougb constriction of arteri- 
oles 


Following upon the evaluation of horse serum as a substance peculiarly 
capable of maintaining capillary tone and preventing oedema, a number 
of experiments have been made to determine whether the effect of the 
serum is inherent m the serum proteins or is separable from them While 
these attempts indicate that probably the effective agent is inherent m 
the serum proteins, the condition of the frogs available durmg and im- 
mediately after tbe matmg season has been so poor as to make any final 
conclusion unsafe and to cause postponement of this obvious develop- 
ment of the work Given a preparation such as that described, one can 
readily make systematic evaluations of oedema prevention and the 
earher steps m localising the oedema^preventing agent, either in the 
serum proteins or m ultrafiltrates from serum, should present little 
difficulty 

In regard to the failure of pituitary extracts to prevent oedema and 
capiUaiy dilatation in the present experiments as compared with the 
efficacy of these compounds noted m former experiments from this 
laboratory, no final explanation can be given If the photomicrographs 
of capillaries m Figs 5 and 8 are measured, it will be found that, under 
the conditions of perfusion used, the web capillanes were somewhat 
dilated, practically from the start If one compares the viscosity of a 
^ per cent acacia-Rmger-pitmtrm solution, such as I have employed, 

With the same solution containing one-third by volume of red cells ^the 

perfusate used by Krogh and Harropa)-~one obtains 1 75, referred to 


18—2 
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water, for tlie simple solution and 2 83 for the solution containing red 
cells If the solution containing red cells is perfused through the antenor 
tibial artery, it flows at a rate about one-third that of the simple sola 
tion There is, consequently, the possibflity that capillary pressures m 
perfusions such as mine are higher than those m perfusions in which less 
viscous solutions are utilised For the tune being, no attempt has been 
made to make the measurements of capillary pressure necessary to clear 
up the experimental discrepancy between the two sets of results, smce 
we have thought it more important to develop an objective method of 
observation of capillaries and to evaluate the effects of serum upon these 
vessels 

Summary 


A new method for perfusmg the foot of the frog through the antenor 
tibial artery is described This method permits the measurement of tot a 
rates of flow, of tlie onset of oedema, of flow m the capfllanes, and of 
capillary diameter, these last two measurements dependmg upon the 
employment of perfusates cont ainin g colloidal graphite The procedures 
described can be earned through in diflterent animals with a degree of 
uniformity and control which permits the use of the method for systeniati 
studies on capillary dilatation and oedema 

A group of experiments is presented by means of charts and poo 
micrographs These cover results obtamed with 3 p c acacia-Bmger 
solutions to which horse serum was added m 6, 10, 16 and 2 pc 
concentrations With 6 and 10 p c horse serum, capillary dilata 
and true oedema occur and the addition of pitmtary extract, 200 to 
parts m 1,000,000 of perfusate, does not abolish this result When 1 P c 
concentration of horse serum is reached, extensive capillary dilatation 
and oedema occur hut seldom, with a 20 p c concentration of serum, 

these phenomena are practically absent i + nns 

Figures are given for the coUoid osmotic pressure of t e sou 
used There is no evidence that the favourable efiect of serum is ue 
simple mcrease m the osmotic pressure of the perfusates 

By means of these experiments, the power of serum to main 
capfllanes m normal condition is graded m concentration ° 

This effect is not due to a constnetmg action of serum on e a 
smce It 18 present when the rate of perfusion flow is pushed very hig6 
also when acetyl-cholm is added to the perfusate 


It IS a pleasure to express my thanks to Prof 
counsel dnxmg this re-exammation of a group of problems first explorea 
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bv bun, to Dr Eebberg for bis help mtb tbe technique of capiflarr 
pbotograpEv and to Dr E Eakasawa for many detemunations of 
colloid osmotic pressure 
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THE VARIATION IN THE UNIT OF THE CESTRUS- 
PRODUCING HORMONE 

By KATHAKINE H COWARD and J H BURN 


{From the Pharmacological Laboratory of the Pharmaceutical 
Society of Great Bntainy London ) 


The introduction of the vaginal smear test on ovanectomised lats or 
mice for extracts containing the cestnis-producing hormone has led to 
its widespread use at the present time for the determination of the 
relative potency o£ different preparations Doisy, Balls, Allen and 
Jobustonii) have defined as a “^^Rat umt” the *‘quantiiy of material 
necessary to mduce oestrus as ]udged by the smear method in an ovanec- 
tomised, sexually mature rat weighing liO ± 20grm ” It is evident that 
the value of their unit is dependent on the assumption that the smallest 
dose able to produce oestrus in one rat will not senouslj differ from that 
required m another 

Certain observations made by one of us m an attempt to determine 
the mouse unit of different preparations, suggested that for ovanec- 
tomised mice at least this assumption was mcorrect Three results, which 
were simultaneously obtained, appear m Table I The results with all 


Extract No 1 

/ ^ » 

Mouse Dose Result 

1 40 mgm CEstrus 

2 20 

3 16 , 

4 10 „ NO 

5 75 „ CEstrus 

6 5 , Nil 


Table I 
Extract No 2 


Mouse Dose 

Result 

7 

40 mgm 

CEstrus 

8 

20 , 

NU 

9 

15 , 

CEstrus 

10 

10 „ 

Nil 

11 

75 , 

CEstrus 

12 

5 0 , 

tr 


Extract No 3 

Moose Dose Result 

13 40 mpn (Estros 

14 20 „ 

15 15 , 

16 10 , 

17 10 „ ^ 

18 6 , OEstrui 


three extracts were irregular, but consideration of those obtained ^th 
Nos 2 and 3 showed that the method applied m this way offered no hope 
of amvmg by the use of a few animals at a trustworthy determination 
of the minimum effective dose It was evidently necessary to carry out 
an mvestigataon of the vanation between different animals 

Trevan(2) has shown that tests such as the frog test for digitalis ana 
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the mouse test for msulm must, if grave errors are to be avoided, be 
earned out in such a way that the variation of difierent animals is not 
neglected but is made the basis of the test He has shown that smee 
frogs vary in their response to digitalis by 300 pc, an effort to determine 
the iQinimal lethal dose by giving a senes of d im i n is h in g doses cannot 
be expected to give a correct result It is necessary first to determine for 
the species of &og used a standard curve relatmg the percentage mor- 
tahty of frogs to the dosage Havmg obtained this standard curve, it is 
then possible to assay an unknown sample by injectmg e ^ 40 frogs with 
one dose The potency of the sample is then determined by noting the 
abscissa on the standard curve correspondmg to the percentage mortahty 
which occurs 

In this paper we have apphed the pnnciples laid down by Trevan 
to the mvestigation of the rat and mouse unit, and for this purpose have 
exammed one sample of ovarian extract on 90 rats and 70 mice 

Methods 

1 Selection of aminah One hundred young does were obtamed from 
an average healthy stock of rats of mixed black and white strain They 
were 7-8 weeks old and weighed 60-100 grm They had been fed from 
weaning on a mixture of crushed oats 25 p c , barley meal 25 p c , 
middhngs 35 p c , and a proprietary food called vitamealo 15 p c , with 
about three drops of cod hver oil per rat twice a week After being brought 
to the laboratory the same diet was continued, with the daily addition 
of about 1 cub in of bread which had been soaked m TmlV and squeezed 
out The addition of about six drops of a crude cod hver oil to the mixed 
diet twice a week was contmued throughout the experiment Growth 
proceeded at an average rate to maturity Of the hundred ammals the 
complete senes of observations was made on 90 

2 Examination of smears The vagmal smears were examined by 
the method desenbed by Long and Evans(3), which one of us (K H C ) 
had the pnvilege to leam m Prof Evans’ laboratones in Calif orma The 
smear is rubbed from the spatula on to a drop of tap water or saline on a 
microscope shde and the constituents are identified through the low 
power ob3ective at once No drying or staining is necessary The smears 
from 18 to 20 rats can be made m separate drops of water on one large 
slide, and one hundred rats can be exammed by two workers in half 
an hour 

3 The remold of the ovaries The operations were carried out under 
deep antesthesia with ether and with aseptic precautions The rats 
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recovered completely within, an hour, and their wounds healed by first 
intention m every instance It was mteresting to note that in several 
rats oestrus appeared within two days, but never more than two days, 
after ovariectomy 

4 The cestrus^producing hormone used The preparation of OBstnn 
(as Parkes and Bellerby (4) suggest the hormone should be called) was 
very kindly placed at our disposal by Mr P H Carr, C B E , F I C , of 
the Bntish Drug Houses It was a bulk of about 10 grm of extract 
which was kept by Mr Carr in vacuo over sulphuric acid at O'’ C A day 
or two before each mjection was made, a portion of the bulk was weighed 
in a tared glass tube, and ohve oil was added to a mark, so that the 
weight of extract per c c of oil was accurately known For mjection a 
known volume of oil was emulsified m a mortar with 1 p c anhydrous 
sodium carbonate in sufficient amount to allow the desired weight of 
extract to be mjected m a volume of 0 4 c c for every rat, and of 0 2 c c 
for every mouse The dose was administered under the skm as a single 
injection Local disturbances at the site of mjection m the form of in- 
duration or necrosis were not observed, and there was no mdication of 
incomplete absorption of any dose 

6 The determination of oestrus The change m the smear which was 
considered sufficient to mdicate that oestrus had resulted from an in 
jection of the extract was either (a) the absence of leucocytes, and their 
replacement by either nucleated or a mixture of nucleated and corfiified 
cells on one day, followed on the next day by a mixture of leucocytes and 
comified cells , or (6) the appearance of nothing but comified cells on one 
day These changes, when they occurred, were complete withm 72 hours 
of the injection 


Experimental results on rats 

A small portion of the extract used was first tested by mjection into 
five ovanecto raised rats other than the rats already described Of two 
of these which received 2 5 mgm of the extract, one passed through the 
oestrous cycle It seemed hkely that an mjection of 5 0 mgm would 
lead to the occurrence of oestrus m the majority of rats, and this dose 
was prepared for the first mjection All the rats were mjected with this 
one dose at a time six days after the last and fifteen days after the first 
of the operations for ovariectomy had been performed 

After an mterval of 10 days, another dose was chosen and given to 
every rat At successive mtervals of 14 days other doses were given m 
the same way The results appear m Table II 
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Table n 


Date 

Dose per rat 

Xo of rats 

was obs' 

9tli Dec. 

5 0 mgm 

90 

32 

mhDec. 

2 5 „ 

90 

7 

3rd Jatu 

7 5 ,, 

90 

31 

nth Jan. 

12 5 „ 

90 

55 

31st Jan. 

17 5 , 

90 

76 

14th. Feb 

10 0 „ 

90 

40 


It Tvas a matter of considerable surprise to find that the injection of 
5 0 mgm was followed by oestrus m only 32 rats The result of injecting 
2 5 mgnu was consistent with this, but the injection of 7 5 mgm was 
followed by oestrus m one less rat than the injection of 5 mgnu The im- 
pression was given that a loss in sensitiveness had taken place The very 
slow mcrease m the number of rats givmg the response as successively 
larger injections were made further suggested that there was a pro- 
gressive loss of sensitiveness, hut the result of the mjection of 10 mgm. 
on Itth Feb showed that so far as the penod following 19th Dec 
was concerned there had been no loss of this nature For when a curve 
{see Fig 1) was drawn through the pomts obtained by plotting the dose 



against the percentage of rats m which oestrus occurred, it was found 
that all points except that of 9th Dec lay on a weU-defined curve Had 
there been any progressiie decrease m sensitiveness the injection of 
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10 mgm on 14tlL Feb would have given a result which when plotted 
would have lam below the curve It has already been mentioned that 
the first mjection followed ovanectomy by only six days in some of the 
rats, whereas the remaining mjections were separated by 14 day intervals 
Analysis of the figures showed that the disagreement between the result 
of the first mjection and that of the later ones was due to this difierence, 
and that for the purpose of estabbshmg the vanation m rats, the result 
of the first injection must be set aside as bemg comphcated by an 
additional factor 

The comcidence of the result of the mjection of 14th Feb with the 
predeternuned curve, showed m addition that there had been no loss of 
activity of the extract used durmg its stay %n vacuo at 0° C 

The results showed that not only was it untrue that the minimal 
effective dose of oestrm was approximately the same for aU rats, but that 
the divergence between different rats was unusually wide Seven times 
the amount of oestrm sufidcient to produce oestrus m 7 p c of anunak, 
was still insufficient to produce oestrus m more than 84 p c of animab 


Experimental results on mice 

Several observers have preferred to use the mouse, and it seemed of 
importance to make parallel observations on this animal to determine 
with accuracy (a) whether mice showed the same variation as rats, 
(6) the relation of the mouse umt to the rat umt The experiments were 
performed on 70 mice, aU obtamed from one dealer at one time, m exact y 
the same way as those on the rats The operations for ovanectomy were 
completed on 20th Dec and the first mjection was not made until 14 days 
afterwards As before, 14 days mtervened between successive mjections 
The oestrm was prepared as for the rats, the matenal mjected being a 
portion of the sample used for mjection mto the rats on the same day 
The results appear m Table ITT 


Date 
3rd Jan 
17th Jan 
31st Jan. 


Table m 

Dose per mouse 
2 5 mgm 
75 , 

12 5 , 


No of mice 
70 
70 
70 


No m which oestrus 
occurred 
6 
19 
43 


It ^viU be seen from Fig 1, that when these observations are expressed 
as a percentage of mice and plotted against the dose, the points e o 
same curve as that given by the rats 
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SEIiA.TlO'is or VABIATlO'is TO BODY WEIGHT AXD OTHER TACTOBS 

The doses of cEstam injected were not calculated according to the 
body weight of each animal either for rats or mice It seemed possible, 
at first sight, that the variation observed between rats might to some 
extent be due to this, and that on analysis it might be found that it was 
hghter afiimnls only which responded to the lower doses Each rat had 
been weighed once a fortnight throughout the experiment, and exami- 
nation showed that there was no correlation between body weight and 
the dose necessary to produce oestrus Thus the mjection of 12 6 mgm 
of the extract on 17th Jan produced oestrus in 55, and failed to do so m 
35 rats The average weight of the 55 rats was 150 gnn , the average 
weight of the 35 was slightly, but not significantly less The weights m 
the two groups were distributed fairly evenly about the same weight, 
150 grm 

The group of rats m which oestrus occurred had on the whole grown 
rather more m the previous six weeks, but the difference was agam not 
significant 

Vaginal smears of all the rats had been taken daily for three weeks 
before ovariectomy, and durmg this penod some rats were seen to pass 
through one or more cycles while m others no cycle was observed It 
was not foimd after ovanectomy that the former group was the more, or 
that the latter was the less sensitive to osstrm 

Regexeratiox 

A factor which might have comphcated the results was regeneration 
of ovanan tissue after ovanectomy Smears were taken daily m rats 
from the time of operation for 34 days Eor the next six weeks they were 
exanuned only on the dav before injection and the next five days Erom 
this pomt they were exanuned daily fox 25 days Eegeneration was ob- 
served in two rats only, and these are not included in the 90 animals 
on which the results were obtained During the injection of the mice, 
smears were agam only examined on six days, 14 days after the last 
injection, a daily exammation was made again for 25 days, there was 
evidence of regeneration m five mice onlv, which is a mnch smaller 
number than had been expected from the results of Davenport(5) 

IXTBAPEPITOXEAU IXJECTIOX 

Evans and Burr (6) have published a short paper giving results on 
a few animals from vrhicli they conclnde that the dose necessary to 
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produce CBstrus is larger if it be injected into the peritoneal cavity than 
if injected under the skin As they were apparently unaware of the great 
vanation in rats, it was possible that their result was merely a demon 
stration of this variation, and not of the difference between the two modes 
of administration The hypodermic mjection of 10 mgim of the extract 
into the rats on 14th Feb produced oestrus m 44 p c On 28th Feb this 
amount was administered by mtrapentoneal mjection, and oestrus was 
produced m 48 p c The difference between the two results is not sig 
mficant, and the results show that it is immatenal whether the injection 
be made under the skm or mto the peritoneal cavity 


Injection in theee doses 

Evans and Burr (loc cit) give illustrations confimung the previous 
suggestion of Doisy, Ralls, Allen, and Johnston (loc cit) that a 
smaller amount of extract is sufficient to produce oestrus if it be mjected 
m three separate doses at mtervals of four hours, than if it is injected in 
one smgle dose 

Fourteen days after the mtrapentoneal mjection just described, 6 
rats received by hypodermic mjection a total of 10 mgm given in three 
doses at four-hour mtervals QEstrus followed m 19, that is m 38 p c 
This figure is lower than that obtamed by a smgle mjection of 10 mgm 
mto 90 rats, which was 44 p c , but here agam the difference is not sig 
mficant It is evident that the smgle is at least as efficient as the tnp e 
mjection 


The vabiation in the response of single rats 
In view of the vanation m the sensitiveness of different rats, it was 
most important to discover whether each ammal behaved in a reasons y 
uniform way The evidence on this pomt is on the whole depressing 
the first place the behaviour of the rats may be considered m giving e 
results which appear m Table II If the result of the first mjection 
excluded for the reasons already stated, then m the course of the otne 
injections 30 out of the 90 animals behaved irregularly, in the sense 
doses higher than the smallest which produced oestrus did not invana y 
produce mstrus From the 60 rats, which were regular m this ^ * 
should be deducted 14 m which oestrus never occurred at afi, so tHa 
of 76 animals which may be used as evidence, three-fifths were regul 

and two-fifths were irregular m Tnam 

Further information is given by the three mjections each oilO mg 

The second of these was an mtrapentoneal mjection, an or 
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three injections of 3 3 mgm -srere given at inteivafs of four hours Since 
the resnlts vere fairly nniform (oestrus occurred m 44, 48 and 38 p c 
respectively) it may be assumed that the method of mjection made no 
difieience, and that the same resnlts vrould have followed a single hypo- 
dermic injection m each instance If this he granted, then of the 50 rats 
which were used in all three observations, only 19 gave the same response 
each tune For the first two observations 90 rats were used, and m these 
51 animals behaved m the same way both times It is clear that the 
sensitiveness of any one animal undergoes very considerable variations 


The iiETHOD or assaytn'g ax extract 
The rat umt may be redefined as that amount of extract which pro- 
duces oestrus in. 50 p c of ovancctonused xuts In order to exsinuie uu 
unknouTi sample, 20 rats are cTioseii froni tlie stock, 10 of 'vrkicli do not 
usually respond to an injection of one unit, and 10 of wlucli usually do 
respond to this amount To each, of the 20 rats the same dose is given, 
and the number in which oestrus occurs is observed Suppose this be 
so tliat the percentage is ox The abscissa corresponding to the ordinate 



ox IS then noted on the curve shown in Tig 2 This abscissa gives the 
number of units present in the dose injectei 

The rats used for this assay are mjected every fourteenth day, and at 
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no other time There is at present no trustworthy evidence to show the 
effect on sensitiveness of discontimimg the injections for any period 


Discitssio:n' 

It has been found that the vanation in the rat tmit as defined by 
Doisy, Rails, Allen and J ohnston (loc at ) is more than 700 p c and 
appears from the curve shown in Pig 2 to be about 1000 p c That this 
great variation is not due to accidental selection of unusual animals 
from the fact that precisely the same variation has been found 
in the mouse unit Prom the investigation has emerged the veiy stnlong 
observation that the average rat unit is the same as the average mouse 
unit This fact is significant for the understanding of the action of oestruL 
That the same amount of oestnn which just suffices to mduce a response 
in a mouse should also be enough to bring about the same change in an 
animal 7 6 times as big, differentiates its action sharply from that of 
insuim, the dose of which is closely proportional to the body weight 
It is clear that the factor which determines the size of the minimum 
effective dose is not the necessity for a certam concentration of the 
hormone m the body tissues or fluids 

The vanation in different animals greatly complicates the assay 
Provided however that different worhers determine the average rat or 
mouse umt in the manner descnbed, there should be a certam degree of 
resemblance between the results of different workers^ inasmuch as rats 
in different countnes are not likely to be more dissimilar than rats and 
rmce m Great Bntain It should be recognised, however, that even if 
the average umt be detenmued, unless this is done on approximately 
100 animals, there may still be serious discrepancies between different 
workers, and these will remain until a standard sample of cestrm is 
available for distnbntion by a central international authonty When this 
IS prepared it may be prophesied that by a general consensus of opinion 
the unit will be redefined as the amount of activiiy present m a certain 
weight of the standard preparation Having detemuned m 20 animals 
the number which, respond to a given dose of the standard, the strength 
of an unknown sample will then be detemuned m terms of the standard 
by mjeoting the 20 animals with a dose of that sample 

The vanation which may occur m detemuning the average unit at 
the present tune can be calculated from the formula for the standard 

deviation where p is the percentage of animals m which oestrus 

has occurred, j is the percentage in which it has not occurred, and N is 
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the nxunber of animals If 26 animals are used, and cestnis occurs in 
50 p c , the standard deviation vnll he 10 p c This means that if the 
experiment he repeated several tunes, on different rats, then twice out 
of three times the percentage of animals m which oestrus occurs will be 
not less than 40 or more than 60 But once m twenty-two tunes the per- 
centage will difier hy more than twice the standard deviation, and he less 
than 30 ox greater than 70 Thus if only 25 animals axe used, once in 
twenty-two experiments a dose which is actuaUy one average unit wiU 
appear as less than 0 7 units or as more than 1 3 units, and the error in 
the assay will be more than 30 p c 

SUMMABY 

1 An investigation of 90 rats and 70 mice has shown that the vana- 
tion in the rat unit or the mouse unit may be as great as 1000 p c 

2 The umt is redefined as the dose required to produce oestrus in 
50 p c of ovanectomised animals 

3 The relation of the average rat unit to the average mouse umt 
18 one 

4 The average unit is the same whether the mjection be made as a 
smgle subcutaneous injection, as a single intrapentoneal mjection or as 
a tnple subcutaneous mjection of which the separate injections are made 
at mtervals of four hours 

5 Smgle animals, mjected once a fortmght with the same dose, vary 
considerably m their response 

6 The method used m this laboratory for determining the umt is 
descnbed 

We wish to express our thanks to our assistant, Mr H W Lmg 
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STUDIES ON NERVE METABOLISM I The influence of 
oxy&cn lack on heat production and action current 

By E W GEEAEDi 

{From the Department of Physiology and Piochemistryi 
University College, London ) 

In previous papers (i, 2, 3) it has been shown that activity of nerve is 
associated with a definite heat production, and the absolute value for 
a single impulse obtamed This heat appears m two phases, an initial very 
short and mtense one associated with the actual conduction and im- 
mediate restitutive processes, and a delayed feeble but very prolonged 
One associated with “recovery” processes In the case of muscle, which 
shows two similar phases, the delayed heat is almost all oxidative, smce 
it disappears in oxygen lack, whereas the mitial heat is non-oxidative, 
bemg mdependent of oxygen supply It was expected that a similar 
mechanism would be found m nerve, possibly based, as m muscle, on a 
glycogen-lactic acid system The present research represents an attempt 
to expose the nerve mechanism, and the results obtamed do not support 
this hypothesis, but do not positively ehminate it The problem is being 
followed further by chemical methods 

Especially interestmg is the evidence that for romutes after activity 
a nerve has not returned to rest — not only does extra heat production 
last long after conduction is over, but potential or permeabihty changes 
may also considerably outlast the transmitted impulse (see Levin(^) 
and Verxar(5)) The dependence of these electncal changes on the pre- 
sence of oxygen has been much studied but the results can hardly yet be 
given a sound interpretation 

Method 

These experiments were earned out durmg the same penod as those 
already reported, and the two galvanometer arrangements desenbed (i) 
and (2) were both used The general arrangement of the electric circuits 
was also as described 

In a large number of experiments the action potential as well as the 
heat was recorded The former was led off by electrodes (3) and (4) ffom 
^ National Research Fellow, USA 
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the Tmmjured side and crushed end respectively to a moving coil galvano- 
meter The electrodes v’ere ordinary silver ones and easily polansable, 
but this did not matter, for m senes vith the galvanometer m the 
“circmt ’ v*as a 10 mf condenser Any change m E M F irould tend to 
charge (or discharge) the condenser and in so doing produce a pulse of 
current through the galvanometer which would respond with a ballistic 
throw The large capacity of the condenser used made its time of charge 
and discharge relatively long so that very rapid changes of E f were 
averaged, and it also insured a relatively large current pulse when being 
charged bv a low e ii f Bv tetanisation of the nerve, a regular senes of 
action potentials was produced and the condenser charged to the average 
potential A quantity of current proportional to the change of potential 
surged through the galvanometer and gave a ballistic throw that directly 
measured the average potential developed When tetanisation was stopped 
the potential would return to zero (or rather to the ongmal mjurv 
potential) and the condenser discharge throngh the galvanometer, giving 
a deflection in the opposite direction Except for minute leaks m the 
condenser the total current flow was ml, and the galvanometer zero 
steadv, as the slow changes of m]ury potential would not be perceptible 
The galvanometer deflections during charge and discharge of the con- 
denser mnst be equal and opposite if the system has returned to its 
imtial state As a matter of fact under ordmary conditions the throw 
when stimulation was stopped was one-third to one-half agam as great 
as that when it was begun This may have been partly due to a gradual 
increase of action potential from one impulse to the next so that the con- 
denser contmued to charge for a time after the mam surge of current, 
whereas the discharge of all the accumulated potential did occur in one 
surge Another factor may have contributed to this efiect, however, for 
after the negative variation ends the nerve does not return to zero 
potential but rather “overshoots ’ to a positive variation The effect is 
absent when a nerve has begun to fail m mtrogen charge and discharge 
becommg equal 

The galvanometer used, a high resistance high sensitivitv (1 ttitti = 

2 y amp ) Cambridge moving cod instrument, had a very slow 
penod (8 sec one wav) and was therefore able easily to sum the short 
currents produced Deflections of about 100 mm were obtamed at 

3 metres distance 

Onlv spring and autumn Dutch e^culenta frogs were used, the sciatic 
nerves prepared as before Then arrangement on the thermopile how- 
ever, was different, m that the groove containmg the “hot” junctions 

19 


PH LMII 


282 


R W GERARD 


was not filled witli nerves flush to the level but only lined with a layer of 
them one deep, and each nerve in contact laterally with its neighbours 
This gave, in effect, a plate of nerve tissue lying on the thermopile and 
made possible more certam control of the gas diffusion factor in oxygen 
depnvation expemnents In one experiment the nerves were laid on the 
thermopile in the usual manner and then completely covered, except at 
the end for stimulating, with a layer of white vaseline over 1 mm thick, 
to delay gas diffusion — this procedure had no effect on the results In 
many of the experiments, to ensure true monophasic action currents, the 
entire bundle of nerves was tightly hgatured between the thermopile and 
electrode 4 


The special Harvard cod givmg 140 make and 140 break shocks a 
second was used throughout, and stimuh were usually of 10 secs duration 
Stimulation was always repeated at regular intervals of 1, 2, 5 or 10 mm 
to avoid irregular ^^fatigue effects The arrangement of the nerves and 
electrodes m the chamber was such that the stimulated end was in the 


same gas as the remamder of the nerve It was necessary therefore to 
be certam that any fall m observed heat production was not due to the 
stimulus becommg submaximal as excitabihty diminished In severs 
expenments the maximal stimulus at different stages of asphyxia 
roughly determmed and then an appropriate maxunal stimulus use 


throughout 

The temperature m all expenments was about 15 C 

Prefaration of oxygen low medium As ordmanly used, the nerve 
thermopile is covered with a large test tube, moist with Einger an 
closed with a rubber stopper through which glass tubes pass Some 
these carry the necessary wires, others permit gases to he passe m 
out of the enclosed space The whole is immersed m stirred 
vacuum flask The space about the thermopile, withm the test e, 
contains aix or oxygen and measures about 200 cc To oh tarn , 

free medium, the ideal procedure would be to fill this wit we 
salme which could be displaced with pure mtrogen, but this is ^ 

for several reasons In each expenment it is desirable to ma e . 

tions both m the presence and absence of oxygen, and to ge com 
results the thermal charactenstics of the medium must remain 
so that both must be performed m a gaseous meibum ( 
conduct a great deal of the heat produced away om ^ 
much decreasmg the sensitivity , and it would also sure y ^ introeen 

leaks ) To displace the air first with boiled salme and ^ for 

would produce great temperature changes and prohi i o 



283 


IsERVE-HEAT AND OXYGEN 

several hoTus, by vrbicb time tbe nerve vronld no longer respond to stimu- 
lation Tbe method actually adopted therefore mvolved displacement 
of tbe air or oxygen by gases 

Two gas conduit tubes were earned through the stopper into the 
thennopile chamber, one ending ]ust withm the stopper and the other 
reaching almost to the floor of the test tube These were connected ex- 
ternally through three wav stop-cocks so that each tube could communi- 
cate with the outside air (when serving as outlet) or with a source of gas 
under pressure (when servmg as inlet) The nerves were set up m air and 
observations taken, then hydrogen was admitted at the top, slowly at 
first to roimimise mechamcal mixmg and later rapidly to sweep out re- 
maining traces of the ongmal gas, the tube reaching to the bottom servmg 
as exit 

After 10 mm of contmued passage of hydrogen, the cocks were re- 
versed and mtrogen admitted at the bottom while the hydrogen was 
blown out at the top the stream being passed f aidy slowly for 5 to 10 muu 
The hydrogen would displace aix most efiectivelv because their different 
densities tend to prevent mixing , but it was necessary to have mtrogen 
as the final medium because the thermal conductivily of hydrogen is 
much greater than that of air and deflections obtamed m it would not be 
comparable to those obtamed m air This procedure never gave an oxygen 
free medium, but m several experiments analysis showed less than 0 2 p c 
oxvgen present m the gas It was found that five or t^n tunes this 
amount of oxygen made no difference m the results, so it may be safely 
assumed that m the complete absence of it the results would have been 
the same Polio wing the passage of these gases, the heat equilibrabon 
was soon re-estabbshed so that rebable readings could be obtamed m 
10 to 20 mmutes 

The gases used were themselves pnnfied of oxygem The hydrogen was 
taken directlv from a commercial cyhnder and bubbled through alkalme 
pvrogallol or hydxosulphite and washed m alkaln This was sufficient be- 
cause the commercial gas has a very low oxygeu content and the whole 
was subsequentlv replaced by mtrogen Commercial mtrogen contains 
2 p c or more of oxygen which could not be removed by bubbling 
through absorbmg solutions An airtight system of glass tubes and large 
re^er\'oiis therefore was constructed so that mtrogen from a cylinder 
might bubble through several pvrogallol chambers and also remam for 
several days standmg over a surface of the same soltrbom The nitrogen 
fiuallv obtamed m this way contamed 0 1 p c oxygen or less, as deter- 
ged by Haldane’s method, and gave clear cut results when used 

19—2 
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To eliminate, however, the possibility that failure of the nerve m tbs 
gas might be due to something formed from the pyrogallol (e g carbon 
monoxide) rather than to oxygen lack, the whole system was later charged 
with alkaline hydrosulphite solution m place of the pyrogallol The mtrogen 
obtamed then showed no oxygen at all on analysis and the nerves be 
haved just as before 

In one expenment, to ehmmate aU possibihty of direct oxidative pro 
cesses due to the traces of oxygen always present some hydrogen cyanide 
gas was passed into the chamber instead of the other gases This was 
generated by droppmg sulphuric acid on sohd sodium cyamde in a test 
tube and led into the chamber as usual The outlet tube dipped into 
strong alkah to absorb any cyamde leavmg the chamber The results were 
again hke those m mtrogen 

Eesults 

(a) Initial heat For a 10 sec stimulation of nerves, the maxunum 
deflection of the galvanometer gives the total imtial heat directly, so a 
curve connectmg successive maxima obtamed by regular repeated stimu- 
lation mdicates directly any changes m the imtial heat Fig 1 contains 



Fig 1 Failure of [A) initial heat and {B) action potential [(C) — action potential sqoa 
in nitrogen and return in oxygon. Vertically, maninum deflection of galvanometer 
p c of the initial value horizontally, time in nitrogen or m oxygen following nitrog 
The dashed portion of {A) is interpolated 

such curves showmg the failure of imtial heat when a nerve is deprived 
of oxygen and its return when oxygen is re-admitted The curves pass 
through mean pomts obtained by averaging observations from over ten 
individual experiments, all of which gave consistent results The rs 
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portion of each curve (dashed) is interpolated, since no observations can 
be made at once after changing the gases 

Twenty minutes after the displacement of oxygen is begun (five 
mmutes after it is finished) the heat has fallen to three^fourths of its 
initial value It continues to fall rapidly at first and then more slowly , 
to T p c of its initial value tn 100 mm and to zero m about three 
hours If oxygen is then admitted, heat production on stimulation is 
resumed withm a few minutes and mcreases for an hour or two The final 
equdibnum value attained is occasionally ]ust as high as the ongmal one, 
but usually is less, about 20 p c less on the average 

In two experiments the nerves were asphyxiated and allowed to re- 
cover twice In one, durmg the first asphyxiation they were tetamsed 
for 30 sec every ttiiti , and durmg the second asphyxiation for 10 sec 
everv 10 In the other experiment this order was reversed It was 
hoped to show m this manner that, when more active, nerve heat failed 
m mtrogen m a shorter tune than when almost resting There was no 
clear cut difierence m either case, though probably the frequent stimu- 
lation did hasten complete failure of response 

The rate of recovery of heat production after oxygen was xe-admitted 
mto the chamber seemed defimtely to varv with the time the nerves had 
been in mtrogen If the nerves were kept m mtrogen two or three hours 
after heat production had completely failed, recovery m oxygen was 
slower than if oxygen was admitted shortly after failure was complete 
Due possiblv to the time factor, recovery was much more rapid when 
oxvgen was admitted before complete failure than when admitted after 
it Xo measurable xecovetv followed tbe admission of small amounts of 
air until the gas contained 2 to 3 p c of oxygen. (One experiment ) 

(6) Recoienj he<xt This is determined from the total area of the 
gahanometer defiection-time curve In a normal production of heat 
the ratio of the total area (m mm -sec ) to the maximum deflection is 
constant at about 1^0 As tbe tune in nitrogen mcreases the maximum 
deflection steadily falls and the area also falls, but the ratio remains xm- 
changed The general shape of the curves in air or mtrogen also remains 
the same (Fig 2), though careful recording shows a slight delay m the 
nitrogen curv es reaching the maximnm deflection (Fig 3) The small 
difierence m maxima remains after oxygen is re-admitted m cases where 
the nen e heat does not return to its full ongmal value, and is due to 
failure of the deeper fibres next to the junctions to produce heat The 
heat produced bv other fibres must therefore be conducted through them 
and IS so delayed This does not modify the general fact that the total 
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teat remains m quantity and tune distnbntion m essentially constant 
relation to the initial heat The recovery heat, then, fails m lack of oxygen. 



Fjg 2, Vertically, deflection of galvanometer m arbitrary unita horizontally, time m 
minutea, Ctirvefl for 10 sec stimulation (j4) in oxygen, {B) after 1 hour m mtrogen 
The general shape of the curves, correspondmg to heat production, is the same m botL 


but only in so far as the initial heat that it follows is failing This state- 
ment may not be exact m its comprehensiveness, for the error in taking 



Fig 3 Vertically, deflection of galvanometer in p c, of maximum horizontally, time in 
seconds Curves for 10 sec stimuJation (A) in oxygen, (-0) after 1 hour in nitrogen 
or (0) for 10 sec, warming with alternating current through the length of the nerves 
after they had become entirely inactive m nitrogen 

total heat curves m nitrogen is considerable (due to drifts, the continually 
changing state of the nerve, and the relatively few observations that can 
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be made aui avetaged m eacbi experiment) It is impossible to exclude 
discrepancies of, say, 25 p c m tbe ratio of imtial to total beat in 
nitrogen, but if sucb a cbange in tbe ratio exists it is certainly an increase , 
1 e there may be some'wbat more delayed beat in proportion to initial 
m nitrogen than in air This is suggested by tbe results of prolonged 
stiinnlation 

When tbe nerves are tetamsed in air or nitrogen for 6 to 10 minutes, 
or ’Wanned after becoming inactive m nitrogen by passing a weak alter-* 
Bating current tbrougb tbeix length fox a similar time, beat c’orves bke 
those shown m Pig 4: axe obtamed The control warming curve has reached 



r*ig 4 Vertically, defiection of galvanometer m p c of maximum homoutaUy, time m 
nunotca Curves for continued stimulation for 6 mm ) in oxygen, (jB) after 1 hour 
in nitrogen or (C) for equivalent warming of the totally asphyxiated nerve 


^0 p c of its maximum deflection m one and a half minutes after 
warming starts and correspondingly lost 90 p c of its deflection one 
and a half minutes after warming ends Pot stimulation in oxygen the 
defection is only 78 pc complete m one and a half minutes after 
beginnmg stimulation, which means that relatively more beat is being 
produced after this time than m the control The latter represents heat 
production at a constant rate, so that the nerv^e must be giving heat at an 
increasing rate , m other words, the delayed portions of the nerve heat for 
each impulse contmue to sum (until at the end of delayed heat production 
from the first impulses, in about 10 minutes, the rate of heat production 
reaches a maximum) Also because of the delayed heat, the fall after 
stimulation ends is less rapid than the nse, only 55 p c of the de- 
flection being lost in one and a half minutes In the case of nitrogen^ the 
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same efiect is seen more exaggeratedly^ so that if the above interpretation 
IS correct the delayed heat is relatively more important here, that is^ the 
initial heat has been more cut down in nitrogen than has the delayed 
heatj or the delayed heat has been prolonged m time It may be noted 
that the delay in nse and fall of these curves could not be explained by 
inactivity of the deeper fibres, for the delay so mtroduced is only about 
one second Also any falling off of heat as stimulation continued, due to 
fatigue, would tend to hasten the maximum deflection rather than delay 
it, so the difference between the curves obtained in air and mtrogen could 
not be due to greater fatigabibty m the latter The possibihty of some 
heat bemg conducted down from the stimulating electrode region is, 
however, very dif&cult to exclude in such prolonged stimulations, and if 
it occurred it would have a relatively greater effect m nitrogen because 
the hve heat is less, and the effect would be to delay the maximuni It is 
a just possible alternate explanation of these curves 

The two experiments with vaseline and cyamde have been mentioned 
In both of these the total heat curves retained their normal shape and 
area-maximum ratio The fall of maximum deflection with time was also 
in general Bimilar to that m mtrogen alone, though it was stnkmg that 
under vasehne the nerves lasted considerably longer than without it 
(c) Resting heat production All the observations on nerve heat pro- 
duction so far given apply to the excess heat production of activity over 
that of rest The latter cannot well be measured by these methods, for it 
would reveal itself only as a constant potential from the thermopile If 
the system settled down to true zero, so that with a dead nerve, say, the 
potential always was zero, it would be simple to obtam the resting heat 
production from the potential when the nerve was hving The random 
errors are too great and equihbnum too imperfect to justify this ordi- 
narily When, however, a nerve has come to eqmhbrium in air, is then 
allowed to reach a steady state m nitrogen after excitabdity is entirely 
lost, and finally returns to the ongmal equihbnum m air, it may be 
assumed that the difference between the two equilibria represents a 
change in resting heat production If, further,, it is assumed that in 
mtrogen all resting metabohsm is stopped (an assumption approximately 
valid only after some hours m mtrogen, for at first metabohsm surely 
continues, but at a dirmmshmg rate), a rough estimate of the resting 
heat production in oxygen may be made This comes out at somewhat 
under one-third of the excess heat due to continued activity or at a rate 
of 2 0 X lO'® cal per sec The value cannot be regarded as exact, but 
18 of interest for companson with the resting gas exchange of nerve This 
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ias been measured leceutly under conditions nearly identical witli those 
of these heat expeninents (6), and the resting Og consumption is 16 c mm 
per gram per hour, corresponding to 2 3 x 10*“® cal per sec 

{d) Action 'potential The average action potential falls with time 
in nitrogen, though less rapidly than does heat, and returns in oxygen 
much more rapidly (Fig 1) Smce heat directly measures energy, and the 
action potential does not, a direct comparison of them is of hmited value 
The true energy equivalent of the action currents cannot be obtamed 
(except by mtegration from the exact form of the action potential curve 
obtained under the given conditions), but smce energy vanes as the 
square of potential, this gives a better senes of values for comparison 
with the heat The dashed hues m Fig 1 represent the square of the 
action potential which more nearly, but stdl far from, parallel the heat 
curves The average action potential may be reduced by short circmtmg 
through mactive fibres or mcreased by prolongation of the action 
potential m each fibre, so that the galvanometer records a varymg frac- 
tion of the true potential changes as asphyxia progresses The disagree- 
ment with the heat values is, therefore, not very significant 

In the first experiments it was found regularly that the action potential 
increased markedly during the first few minutes m mtrogen This was 
finally traced to the fact that prior to admitting the mtrogen the nerves 
were being stimulated every 5 or 10 mm only, whereas after admitting 
It tetamsation was repeated every minute to obtam a good senes of 
readings dunng the mitial part of the fall The effect is entirely mde- 
pendent of the presence of oxygen and was ehmmated by stimulating at 
the same tune mtervals before and after displacmg the oxygen Fig 5 
shows the effect of frequent or mfrequent tetamsation m air — the total 
action potential regularly shows a *'treppe” with frequently repeated 
stimulation This may be due to mcreased height of the maximum 
potential developed or to a longer duration of potential following each 
impulse or, of course, to both The method used does not permit dis- 
cn ruination between them, but other workers have foimd evidence of 
both effects Davis and Brunswicka), usmg a strmg galvanometer 
halhstically, have observed a nse m total action current from one impulse 
to the next when tetamsation is begun, and Prof Gasser has informed me 
that the oscillograph shows a defimte nse in the maximum potential 
wough the first few impulses of a tetamsation On the other hand, 
Tigerstedt(8), Borruttau(9^, and other workers have found that the 
cscendmg Umb of a single action current becomes defimtely prolonged 
and the maximum lower under conditions which might be regarded as 
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leading to fatigue or injury — continued stimulation, asptyxia, cold, etc 
It IS difficult, therefore, to know how to interpret this effect, as a “fatigue ” 
setting in very early or as a “facihtation ” The behaviour of heat pro 
duction with different intervals of tetanisation gives a clue to this. 



Fig 5 Vertically, madummi deflection of galvanometer m arbitrsiy units horizontally, 
time in mmutes mitial heat and {B) total action potential produced by 20 sec 
stimulations at 2, 6 or 10 mim intervals m oxygen The heat for each Btimulufl is 
and the total action potential more for short intervals betireen stimulation penods 
than for long ones. The steady fall of heat with time, shown by the general slope of the 
line 18 not usual 

though the results have not been entuelj uniform Pig 5 shows tlie 
results of an experiment which represents the course of heat production 
m most cases, and shows a clear cut falling off with frequent stimulation, 
but m a few experiments this effect has been absent for no discovered 
reason Field and Brucke(iO) have found that the absolutely re- 
fractory period of nerve may be increased ten tunes durmg ten nunutes 
continued tetanisation, and observations on the excess oxygen con- 
sumption of a nerve stimulated at different intervals pomt m the same 
direction (6) The conclusion seems justified, therefore, that for minutes 
after a tetanisation lasting a number of seconds a nerve is less able to 
liberate energy than before, m other words, it shows definite fatigue 
after short activity This is also in accord with the existence of the 
prolonged recovery heat lasting for ten minutes 
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Discussion 

The results given above indicate a greater dependence on o\ygcn than 
otlior workers have obtained Pilh eOi), {or example, found it impossible 
to nspliyxiate nerves in saline containing botiNcen 0 1 and 0 3 nigin of 
oxjgen per litre (corresponding to 0 2-0 7 pc Oo m a gas), whereas 
in these experiments heat production and action potential failed in 
gas containing over 1 j) c of oxygen It may be eniphnsisod that no 
great difference m the effects of 0 2 to 1 0 p c o\ 3 ^gen was obseried, 
though asphyxiation may have proceeded more rapidly with the lower 
concentrations The a\ ailabilit}’' of oxygen to the indmdual nerve fibres 
depends, of course, on its being dissolved in the tissue ilnids about them, 
and in isolated nerve the question of oxygen dilliision must be considered 
The oxygen used by resting and active nerve respective!}^ is 0 00027 
and 0 0013 c c per grm per min (O) The amount of oxygen that could 
ho dissolved in 1 grm of nerve exposed to air^ is about 0 0112 c c The 
rate of saturation of the nerves as actually used, assuming no oxygen 
present at the start, may be calculated from Fourier’s diffusion theory 
Mr F J W Houghton has landly done this for me and the results 
arc that they would be 17 p c saturated in 5 sec , 60 p c in 30 sec , 
and 80 p c m 60 sec If it be assumed that a balance between oxj^gen 
ased and oxygen diffusing in must be established every five seconds 
(the nerve becoming entirely depleted in the process), the amount used 
hy 1 grm of resting nerve is 0 000028 c c and this must equal 17 p c 
of the final content of oxygen at saturation The latter must, therefore, 
he 0 00017 c c and requires an outside oxygen pressure of that of air 
or 0 3 vol pc of Oo in the surrounding medium This value (not 
alloiving for activity) is much too low^ for when the nerve has become 
17 p c saturated with oxygen it will not be evenly distributed 
throughout the tissue and the deeper fibres will still not be obtaining 
an5iiliing like an adequate supply of the gas Also, the nerve does not 
alternately use up all the dissolved oxygen and then wait for more to 
diffuse in, as assumed, hut an equilibnum between use and diffusion is 
astablished at some constant oxygen content This would considerably 
lower the rate of diffusion in, e ^ if the nerve remained half saturated the 
increment of oxygen during the first five seconds would be 8 p c instead 

17 p c of the final saturation value 

' SolubUity of oxygen from air (at 16® C ) in 1 c o H,0 - 0 007 o o , m oils about 0 038 
^ rapoflltion of norvo •• j ^^tor J hpoicl, J other aohde Sp gr « 1 00 Anauming 0, 
^ aa aolublo in the non lipoid boIuIs as in water, the amount in oaoh of these irould be, 
m prm nerve 0 004(1 0 0004 and 0 0008 rcspcotncly, sum - 0 011 
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leading to fatigue or injury — continued stimulation, asphyzia, cold, etc 

Itis difficult, therefore, toknow how tointerpretthis effect, asa “fatigue” 

setting in veiy early or as a “facilitation ” The behaviour of heat pro- 
duction with different intervals of tetanisation gives a clue to this, 



f^g 5 Vertically, maiiimiin deflection of galvanometer m arbitrary muta horirontafly, 
time m minutes {A ) mitial heat and {B) total action potential produced by 20 aec 
etimolations at 2* 5 or 10 mm intervals in oiygem The heat for each stun ul os is less 
and the total action potential more for short intervals hetvreen stimulataon periods 
than for long ones The steady fall of heat mth time shoirn by the general slope of the 
line IS not usual 

though the results have not been entirely uniform Fig 6 shows the 
results of an experiment which represents the course of heat production 
in most cases, and shows a clear cut falling ofF with frequent stimulation, 
but m a few experiments this e5ect has been absent for no discovered 
reason Field and Brhcke(i0) have found that the absolutely re- 
fractory penod of nerve may be increased ten tunes during ten minutes 
contmued tetanisation, and observations on the excess oxygen con- 
sumption of a nerve stimulated at different mtervals pomt in the same 
direction (6) The conclusion seems justified, therefore, that for minutes 
after a tetanisation lasting a number of seconds a nerve is less able to 
liberate energy than before, m other words, it shows defimte “fatigue 
after short activity This is also m accord with the existence of the 
prolonged recovery heat lasting for ten irunutes* 
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\vkch it ended in its muscle The presence of a minimal muscle 
was taken to mdicate the presence of conductivity It is obvious that 
some fibres about the surface of a ner\e will continue to receue oxygen 
long after the majority have been asphjraated, and these would giA e 
a minunal contraction It is easy to estimate that in the nerv^es used 
here the thickness of the plate represents about 70 la}ers of lndl^^dual 
fibres The bottom layer of fibres, therefore, receives oxygen at a con- 
centration corresponding to 0 05 vol p c oxygen when the whole 
nerve is exposed to the cntical 4 p c of oxygen, and at this con- 
centration IS able to function , so that fibres on the ner\ e surface should 
lemam active m media contaimng this amount of oxygen, and probably 
even with considerably less The total heat and action current from such 
a few fibres would, of course, be immeasurable 

The question next arises why the failure of neiwe heat and action 
current m mtrogen'^ The total heat due to activity depends on three 
factors, the number of fibres acting, the frequency or number of im- 
pulses conducted by each, and the heat produced by each impulse 
A decrease may he due to any or all of these^ 

The possibihty exists that due to lack of oxygen the immediate re- 
co\ery processes following conduction (during the refractory penods) 
are delayed so that the nerve can respond to few er stimuh per second 
Tr6hlich(i4) some time ago claimed that the absolutely refractory 
penod of nerve was much prolonged m nitrogen, but Cooper(i5) was 
unable to confirm this Even she found, however, that m the later stages 
of asphyxia the least mterval between two stimuh for muscular sum- 
mation mcreased several times This effect she beheved due to conduction 
With a decrement m asphyxia so that the second impulse becomes ex- 
tinguished if too early and therefore feeble, and she concluded that 
oxygen is not directly involved m the conduction of an impulse or im- 
mediately foUowmg Later work of Kato(i6) and others throws doubt 
on this interpretation and the ultimate conclusion is left open It is 
highly probable, however, that as asphyxia proceeds the fibres cannot 
follow as frequent stimulation as they can in Og 

Another possihihty mentioned, that for each impulse actually trans- 
mitted the heat production is less would, of course, follow from the above 
when tetamsmg stimulation is earned out, m that each impulse falls on 
the nerve less recovered from the previous impulse than normally and 

^ The further analysis of these several factors m the case of heat production is very 
difficult though not impossible but for action potential it is relatively simply done and m 
a quantitative manner This be more fully gone into at another time 
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A more certam estimation of tlie diffuBion factor can be made from 
Warburg’8(i2) work He developed an equation for the equilibnum 
condition vrhen a shoe of tissue havmg one dimension definitely smaller 
than the others is exposed to vanous oxygen concentrations, and using 
Krogh’s(i3) observed values of oxygen diffusion constants for vanous 
tissues and the rate of oxygen consumption of his tissues, he was able to 
calculate the limitmg thickness of the sbce which would still permit the 

deepest cells to obtam oxygen As be expressed it, \J inhere 


d = the thickness of the shoe of tissue m cms , Go = the external oxygen 
concentration, D = the diffusion constant for oxygen (expressed as the 
number of c c of Og passmg through a tissue membrane of 1 sq cm 
surface and 1 cm thick when the difference of oxygen pressures on the 
two sides is 1 atmos ), and A = the oxygen consumption of the tissue 
in c c Og per grm of tissue per min This may similarly be written 

(7= ^ where C is the unknown oxygen pressure necessary for a tissue 

of 'thickness d 

The nerves lying on a thermopile were laid parallel and in lateral con* 
tact, so they may be regarded as roughly forming a tissue shoe with one 
small dimension Eight similar nerves, cut at 2 0 cm length, weighed on 
the average 0 052 grm and, at specific gravity 1 06, occupied 06 c c The 
width is equal to eight times the depth, sod cm x 8dcm x 2cm - 05 cc 
and d = 0 058 cm In Warburgh’s experiments, the tissue is exposed 
on both faces, whereas m these only one face is exposed to oxygen, so the 
effective thickness is twice as much, or d 0 116 D, calculated fmm 
Krogh’s data for fascia and corrected for temperature, is 1 1 x 1 
(The true value for nerve is probably a bit higher because of the hpoi^ 
present ) A, assummg the restmg oxygen consumption above, is 0 000 
C, calculated from these data, is equal to 0 01 atmos oxygen pressure, 
that is for the deepest nerve fibres to receive the oxygen necessary 
to mamtam their resting metabolism, the surroundmg gas must con* 
tam 4 p c oxygen For full activity nearly 20 p c would be needed 
The general basis for this calculation has been thorougUy 
by Warburg experimentally, and its validity for nerve has a o 

'^Tisnot snrprmng. m view of these figures, that the nerve heat of 
activity falls readily m lov oxygen containing media only r VV 

mth 2 or 3 p c oxygen m the chamber The through 

difficult to account for by the test used The nerve stuche , . ^ 

an asphyxiating chamber, proximal to ^hich it was stimulated and beyond 
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wluct it eaded in its muscle The presence of aimnimal muscle twitch 
was taken to indicate the presence of conductivity It is obvious that 
some fibres about the surface of a nerve will continue to receu e oxygen 
long after the majority have been asphyxiated, and these would give 
a mimmal contraction It is easy to estimate that in the nerves used 
here the thickness of the plate represents about 70 layers of lndl^ndual 
fibres The bottom layer of fibres, therefore, receives oxygen at a con- 
centration corresponding to 0 05 vol p c oxygen when the whole 
nerve is exposed to the critical 4 p c of oxygen, and at this con- 
centration IS able to function, so that fibres on the nerve surface should 
remain active in media containing this amount of oxygen, and probably 
even with considerably less The total heat and action current from such 
a few fibres would, of course, be unmeasurable 

The question next arises why the failure of nen^’e heat and action 
current in mtrogen'^ The total heat due to actnuty depends on three 
factors, the number of fibres acting, the frequency or number of im- 
pulses conducted by each, and the heat produced by each impulse 
A decrease may be due to any or aU of these^ 

The possibibty exists that due to lack of oxygen the immediate re- 
covery processes following conduction (during the refractory penods) 
are delayed so that the nerve can respond to fewer stimuli per second 
Frohlich(i-i) some tune ago claimed that the absolutely refractory 
penod of nene was much prolonged m mtrogen, but Cooper(i5) was 
unable to confirm this Even she found, however, that m the later stages 
of asphyxia the least mterval between two stimuli for mnscular sum- 
mation increased several times This effect she believed due to conduction 
'^th a decrement m asphyxia so that the second impulse becomes ex- 
tinguished if too early and therefore feeble, and she concluded that 
oxygen is not directly mvolved m the conduction of an impulse or im- 
mediately foUowmg Later work of Kato(i6) and others throws doubt 
on this interpretation and the ultimate conclusion is left open It is 
highly probable, however, that as asphyxia proceeds the fibres caxmot 
follow as frequent stimulation as they can in Og 

Another possibibty mentioned, that for each impulse actually trans- 
mitted the heat production is less would, of course, follow from the above 
when tetamsing stimulation is earned out, m that each impulse falls on 
the nerve less recovered from the previous impulse than normally and 

diffi analyBia of these several factors in the case of heat production is very 

cult though not impossible but for action potential it is relatively simply done and m 
^ a^ntitative manner This wiU be more fully gone into at another tune 



294 


R W GERARD 


80 gives less energy liberation (3) There is, however, the farther possi- 
bility that even for widely spaced impulses the heat due to each is less 
in the absence of oxygen This would mean either (1} that all processes 
involved in conduction can be partially and equally inhibited—which by 
analogy with the action of narcotics may occur, or (2) that conduction 
depends on immediate processes for which oxygen is not essential and 
which produce but little heat, which are followed by secondaiy processes 
not essential to conduction but dependmg on oxygen and also producing 
heat The recoveiy heat of nerve comes at once to mmd, but it has been 
shown that this fails in mtrogen no faster than the mitial heat associated 
with conduction itself, so that if such an imessential heat producing 
reaction dependent on oxygen does exist it must accompany conduction 
itself and occur withm a few sigma of the explosive hberation of energy 
associated with conduction It seems most unlikely that conduction 
should depend on some anaerobic reaction of httle heat with an unessential 
explosive oxidation supenmposed, and the whole followed by a large and 
prolonged anaerobic “recoveiy,” and need not be further considered in 
the absence of direct evidence for it 

The third factor mentioned, that as asphyxiation proceeds more and 
more fibres fail entirely to conduct, undoubtedly plays a role, and possibly 
the mam one, m the fall of heat Evidence has been given that the deepest 
fibres are thrown out first m low concentrations of oxygen and pre- 
sumably the uppermost ones fail last This statistical falhng off of heat, 
however, gives no clue to what happens m each fibre, and it is of basic 
importance in the interpretation of activity to know how the resting 
nerve is affected Some suggestive evidence on this point has been given 
The restmg heat production of nerve presumably does not faU at once to 
zero in nitrogen but gradually diminishes for some time XJp to a certain 
stage of asphyxiation a fibre can regam full activity in oxygen, beyond 
this it IS permanently mactive, as evidenced by the rate and complete- 
ness of recovery after different durations of asphyxia There is no question 
of the nerve requiring oxygen for its basal metabolism, nor is there doubt 
that when the reactions of mamtenance are mterfered with the nerve 
machmery must be disrupted and conduction fail Muscle, with a well- 
established anaerobic contractile mechanism, will also fail entirely to 
act when the medium is sufficiently depleted of oxygen (17) though with 
a httle present it does as well as with much more (16) If this, however, 
be the sole cause of failure of nerve heat m absence of oxygen there is 
no reason to believe that conduction itself requires oxygen To borrow 
Lucas’ analogy, telephone service would cease if the central exchange 
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"were filled ^ntli mixogen m place of air, but tins does not prove that 
oxygen is leqmred for the passage of messages along the wires There 
are many other means of stopping conduction cold, pressure, narcotics, 
acids, etc — that give a fall of conductivity similar to that in nitrogen, 
winch may act on the conductive mechanism or on the more basic 
machinery of cell survival Several investigators (15, lO) have in fact 
concluded that the failure of conduction in asphyxia is due solely to 
the accumulation of toxic metabohtes, hut this conclusion is open to 
cntKasm 

The fact remains, however, that durmg activity a nerve uses more 
oxygen and produces more heat and carbon dioxide than when at rest 
The amount of heat produced agrees very well with the gas exchange 
observed on the assumption that the heat is practically all oxidative 
The fall of excitabihty, the slowed conduction, the tendency of action 
potential to give ec^ual efEects on charge and discharge, and other 
quahtative effects of oxygen lack, seem to mdicate that it enters directly 
mto the conduction processes On the other hand, though asphyxiation 
cuts out imtial and recovery heat, there is no certamty that this is more 
than the result of the progressive failure of mdividual fibres due to inter- 
ference with then basic metahohsm 

One possible way out of this antmomy has been mentioned in a pre- 
ceding paper (2), and tbe tune course of nerve heat failure in mtxogen 
falls in line with this After mtxogen has replaced air, the oxygen content 
of the nerves must have reached equihbnmn, by diffusion or utihsation, 
withm a few minutes Still the faUmg off of activity contmues more or 
less slowly for two or three hours before it becomes immeasurable It is 
temptmg to account for this by an mtemal reserve of oxygen or its 
equivalent “ Intramoiecnlar oxygen'' has often been suggested m the 
past and as often demed. As apphed specifically to nerve, F r 6 h 1 1 c h {U), 
and more extensively Gottschalk m 1914: (lO), argued m favour of an 
oxygen reserve from his observations that after bemg asphyxiated m 
mtxogen a nerve completely regained its conductivity (measured by a 
muscle twitch) m 2 to 3 mm m oxygen but contmued to show improved 
resistance to a subsequent asphyxia until it had been in oxygen for 
§ mm Subsequently (1921), from a somewhat too rigorous apphcation 
of the mass action law, he concluded that all oxygen stored m a nerve 
^ould necessarily diffuse out after eight mmutes m mtxogen, and that, 
therefore, the nerve has no oxygen store hut conducts by an anaerobic 
mechamsim It need only be pointed out here that the assumption that 
physically dissolved or chemically bound oxygen would diffuse out 
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of the nerve on changing its environment from oxygen to nitrogen m 
the same time that it took to enter when the reverse change was made 
IS not vahd 

Living cells are normally poised at some characteristic oxidation 
reduction level, but if kept under anaerobic conditions this level steadily 
falls Cannan, Cohen and Clark (20) have shown that the electrode 
potential of a suspension of bactena, yeast cells or hver, falls with tune 
of anaerobiosis (= more reducmg state) along an exponential curve, 
suggesting that a monomolecular reduction of some contamed substance 
IS takmg place B E Holmes (21} has foimd 50 mgms of glutathione 
m 100 grm of white matter of rabbit's brain, and Keihn (22) reports 
the presence of cytochrome in bram tissue This amount of glutathione 
alone, if all oxidised at first (a doubtful assumption) and completely 
reduced by the tissue durmg anaerobiosis, would serve as an adequate 
oxidiser, or hydrogen acceptor, for 50 mm metabolism of a nerve duriug 
activity and over 3 hours durmg rest Such figures serve at least to indi- 
cate how far an oxidation reserve might supply the extremely small 
energy requirements of active nerve A variation m the amount of such 
substances from fibre to fibre, the varying oxygen available at different 
depths, and different metabohc rates of vanons fibres, could account for 
the gradual declme of nerve heat, though the heat per fibre also probably 
undergoes a fall Similarly the delay of lecoyery m oxygen might be 
partly due to an excessive utihsation of oxygen by the outer fibres to 
restore tbeir impoverished reserves, so that no oxygen would reach the 
deeper ones for some time 

It IS worth notmg finally that, so far as all evidence hitherto ob- 
tamed goes, the delayed heat of nerve is dependent only on the initial 
breakdown, no matter how the latter is vaned the recovery heat follows 
This strongly confirms the previous suggestion that the delayed heat 
depends on a monomolecular reaction of some substance freed during 
the imtial phase 

Summary 

1 Removal of oxygen from a nerve’s environment causes 

(а) A progressive fall and ultimate extinction m two or three hours 
of the mitial heat of activity This is largely due to individual fibres 
becoming mactive, probably also m part to decreased heat per fibre 

(б) A similar fall and extmction of the delayed heat The delayed heat 
contmues to represent the same fraction of total heat and shows no 
tendency to fall more than the imtial heat 
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(c) A progressive fall of resting heat production, ending with death of 
fibres if sufficiently continued 

(i) A progressive fall and extinction of average action potential This 
does not parallel the fall of heat 

2 All these return to or towards their original state when oxygen is 
readmitted to the system The action potential returns much more 
rapidly than the heat, which requires an hour or two 

3 Practically complete asphyxiation of ners e can be obtained under 
the conditions of these experiments m nitrogen containing over 1 p c 
of oxygen 

i The capacity for actl^^lty of a nerve is defimtely afiected by 
previous activity within several mmutes This appears to be a tyjie of 
“fatigue ” 

6 The problem of oxygen difEusion into ner^^e and availabihty for it-s 
metabolism is considered 

6 The above results are difficult to reconcile with a glycogen-lactic 
acid system, hut do not disprove an oxidati\ e mechanism for conduction , 
hydrogen acceptors or other oxidising bodies in nerve may permit oxi- 
dative activity for considerable tune in the absence of oxygen 

I take pleasure m expressmg to Prof A V Hill my deep gratitude 
for an enjoyable and profitable year spent m his laboratory, and to the 
National Research Council for making that year m England possible 
I am indebted to Mr J L Parkinson for performing the gas analyses 
referred to m this paper 
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THE RELATIONSHIP BETWEEN THE VOLUME 
OF THE HEART AND ITS OXYGEN USAGE 

By A. HEMINGWAY axd A. E FEE {Junior 
1851 Exhibition Scholar) 

[From the Department of Physiology and Biochemistry, 

University College, London ) 

Eecektly Starling and Yisscherci), using the isolated heart-lung pre- 
paration, showed that a definite relation existed between the diastobc 
volume and oxygen consumption of the mammalian heart Their results 
supported the hypothesis that the factor controlling the abihty of the 
heart to perform mechamcal work is its diastobc volume, which is itself 
determined by the ratio between the total energy bberated and that 
actually utilised by the heart 

In their expenments, Starling and Vischer (loc cit) measured only 
the ventricular volume of the heart Though the auricles do not con- 
stitute more than 10 p c of the cardiac mass it is desirable that they 
should be mcluded m any measurements of heart volume The chief 
obstacle to mcludmg the auricles in such measurements is the difficulty 
of obtaimng satisfactory records with the existmg methods of cardio- 
nietry The mtroduction of a cardiometer possessing several new features 
enabled accurate measurements of the volumb changes m the whole heart 
to be made and led us to repeat the expenments of Starling and 
Visscher 

The method of measimng the oxygen consumption of the isolated 
heart-lung preparation, which will be descnbed fully elsewhere, consists 
m introducmg a known volume of oxygen mto a closed air cixcmt con- 
nected with the lungs and measurmg the time required for its consump- 
tion by means of a modified Krogh spirometer 

The cardiometer commonly used at the present time for recording 
ventncular volume, as descnbed by Hendersonp), has several senous 
drawbacks, the most important of which is that the rubber collar de- 
ngned to fit mto the aunculo -ventncular groove, if sufficiently tight to 
give accurate records of heart volumes, tends to constnct the pubnonaiy 
artery, the coronary blood flow, and even to hinder the passage of blood 
into the ventricles 
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The cardiometer used m these experiments (Figs 1, a and b) is a 
modification of that used bj Hill and Barnard (3), who sht open the 



pencardiura and thrust the heart through an aperture in a tennis ball, 
tying the perdicardiuin over the outside of the ball An obvious dis- 
advantage of this method is the removal of the supporting pencardium 
Dilatation is entirely unrestricted and bruising and heemorrhage of the 
heart wall may result from impact with the walls of the cardiometer 
To obviate these disadvantages, an oval glass shell has been designed 
(Fig 1, a) with a large, hpped aperture at one end (A) through which the 
heart is thrust A thm rubber sleeve (B) is attached to the margm of this 
aperture and hangs free within the shell The unattached end of the sleeve 
IS closed and supported by a thread which passes through a small 
aperture and short length of rubber tubing (C) immediately opposite the 
large orifice for the heart This sleeve serves as a pencardium, and, after 
receiving the heart, may be adjusted and kept at the requisite degree of 
tension by clampmg the thread withm the rubber tubmg Two more 
apertures are provided in the shell, one (D) for attachment to a piston 
recorder or tambour, and the other (E) for draining away any accumu 
lation of pencardial flxud A few small holes should be made in the rubber 
pericardium to allon this fluid to dram away from the heart 

The method of attachment is as follows After the heart has been 
exposed, a small opening is made in the pericardium over the apex The 
edges of this openmg are then caught by three artery forceps and one 
posterior and two antero 'lateral flaps made by shtting the pencardium 
between them until the opening is large enough to admit the mouth of 
the cardiometer After threads have been tied to these flaps the heart is 
shpped mto the rubber sleeve and the pencardium is drawn over the 
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extenor of tte cardiometer and tied into position about C (Fig 1 o) 

A. ligature previouslT placed around the heart is then tied about the neck 
of the cardiometer Finally after attachment to a recorcbng svstem the 
caidiometer is heldm a suitable position with a universal clamp and the 
tenHon of the rubber sleeve adjusted 

During the period of an experiment the accumulation of pericardial 
fluid withm the cardiometer mav simulate a dilatation of the heart bv 
expeflina air into the recordmg system To avoid this a resistance svphon 
F (Fig 1 a) IS attached to E and filled with normal saline This will 
svphon ofi anv fimd which mav collect but will not interfere with the 
heart volume record 

Results 

It was found that the diastohc volume of the whole heart bears a 
direct linear relation to the oxvgen consumption Undue dilatation of 
the heart, induced hv excessive loadmg results in a disproportionate 
increasemtheoxvgen consumption but this discrepancy bes well outside 
the range of volumes found m a heart working under physiological con- 
dihons This is illustrated m Fig 2 in which the oxygen consumption of 
the heart is plotted against the diastohc volume the latter being cnlcn- 
latedin the manner descnbedbv Starling and Visscherti) The changes 
m volume were brought about by altering either the inflow or the peri- 
pheral resistance of the preparation, the order of these changes bemg 
indicated bv the numbers attached to the pomts on the curve From this 
it can he seen that the oxygen consumption increases steadily with an 
increase m the diastohc volume (Edema of the lungs occurred during 
the last three determinations and its influence upon the results can 
r^dfly he seem 

The above principle mav he apphed to the determination of the oxygen 
consumption of any isolated organ perfused bv a heart-lung preparaDon, 
provided the diastohc volume oxygen consumption ratio of the heart and 
the diastohc volumes and oxygen consumptions of the whole preparaDon 
have been measured The oxygen consumption of the heart at anv given 
bme can be determined by direct measurement of its diastohc volume and 
reference to the graph constructed from the prelnmnary data Bv sub- 
tracting this value from the observed oxygen consumption of the whole 
preparation at that particular time, the oxvgen consumption of the 
perfused organ is obtained 

In a kidney perfusion experiment, the kidney was placed in the heart- 
circuit after several consistent values for the diastohc volume oxygen 
consumption ratio over difierent ranges of volume had been ohtamed 
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(as m Fig 2) Wien tie Jadney was removed two and a iaif hours later 
tie observed oxygen consumption of tie ieart was found to be 8 10 c c 



Fig 2 
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Table I 


Heart output 

0, usage 

c c /mm 

c 0 /hour 

425 

632 46 

700 

645 48 

285 

732 00 

430 

629 62 


724 68 



805 20 



797 88 

270 

680 76 


666 12 

216 

95160 

* CEdema 

933 30 


Heart diastolic 
volume I + 
c c. 

13 00 
16 20 
25 60 
12 90 
24 00 
3100 
30 66 
10 10 

14 00 
38 00 
21 26 
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per TDiT) The value corresponding to its diastobc volume, as given on the 
curve constructed from the prehnunary datu, was 7 92 c c per imn 
This agreement must be regarded as very satisfactory m \nen of the 
duration of the expennient and the amount of work that had been done 
by the heart m perfusing the kidney 

SmiJIARY 

1 An improved type of cardiometer is descnbed 

2 The oxygen consumption of the whole heart bears a direct hnear 
relationship to its diastobc volume 

3 A method of determining the oxygen consumption of an isolated 
organ perfused by a heart-lung preparation is descnbed 

The subject of this research was the suggestion of Prof Starling 
ffis advice was always readily given and we deeply regret that he should 
not see the contmuance of this work 
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THE CIRCULATION OF BODY FLUIDS IN THE FROG 

By EDWARD D CHURCHILL, PUSAKICHI NAKAZAWA 
Am) CECIL K DRINKER 

{From the Laboratory of Zodphyszology, University of Gojpenhaqen ) 

In the course of experiments deahng with the capiljaiy circulation of the 
frog it was discovered that the fluid in the subcutaneous lymph spaces 
normally contains 0 29 to217pc of protem As we were concerned 
with questions relative to capillary permeability it seemed of immediate 
importance to reach a clear understanding of this exchange of protein 
substances through the capillary walls Fortunately the solution of the 
question has been aided by the recently published figures of directly 
measured capillary pressures m the frog mesentery by Landis (i), and by 
a volumetric estimation of the rate of total fluid exchange between the 
blood and tissues by Isay ama{2) To these facts we now add detemuna' 
tions of the protein content and the colloid osmotic pressure of the blood 
and lymph , and endeavour to combine these hnes of evidence m a dis 
cussion of the physical and chemical forces which produce a constant 
and normal movement of the blood plasma with a large fraction of its 
proteins from the blood vessels into the lymphatic circulation 

Methods 

The frogs used in the following determinations were chiefly Bana 
temporana^ although a few mdividuals of R esculenta are included There 
appeared no significant difference between species or sexes 

In the majority of cases the lymph was collected from the lymph sac 
which hes dorsal to the tendon of the gastrocnemius In a few instances 
it was taken from the other subcutaneous lymph spaces, and m those 
specimens used for osmotic pressure determinations fluid from the pen 
toneal cavity was added to obtam the necessary volume From pharma- 
cological evidence Straub (3) considers that there is a free intercom- 
mumcation of the lymph spaces with each other and with the pentoneal 
cavity, so that practically we have to do with one large lymph space 
The analyses were earned out between March 9 and Apnl 19 and 
therefore include indi'suduals taken before the breeding season with 
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uninatTire eggs in the ovaries , a number of lndl^uduals during the height 
of the breeding season including some markedly oedema tons copulating 
males and specimens of both sexes which had apparcntl} returned to a 
normal condition after the completion of cggdaying It is not the purpose 
of this paper to discuss the cause or significance of the spontaneous 
oedema which occurs particularly in the males during the actuuty of the 
breeding season, although measurements made on such m(ll^'lduals are 
so specified m the tabulation The close correspondence between our 
figures and those of the colloid osmotic pressure of the three plasma 
speamens reported by Vhite(4) for a difierent species at a different 
season of the year make us feel that it is extremely unhkelj that the 
phenomena we are descnbmg are pecubar to the spring breeding period 
It IS possible, however, that the absolute values given in our tables mil 
prove to be somewhat below figures which may be obtained for normally 
feeding frogs that are not undergoing the depletion in body protem which 
may attend the later stages of egg and sperm production 
The protem quantitation was accomplished by the use of a Zeiss 
Cmtanch-Eefraktometer (Pulfnch), iismg Pnsm 1 The necessary coixec 
bon factor fox the non-protem constituents of the plasma was obtained 
from the ultra-filtrate of a specimen of frog lymph The scale reading of 
this ultra-filtrate was 18 1 which mdicates an nD 1 33450 This corre- 
sponds very accurately with the nD of Rmger*s solution made with the 
composition given by Cl ark (o) The ;iD of 1 p c of frog-lvmph protem 
found to be 0 00240 b} the analysis of a specimen of lymph with 
u knowii refractometer scale reading^ 

The osmotic pressure determmations were earned out according to 
the method of KroghiO) Both the blood and lymph specimens were 
uUowed to clot and the centrifuged serum employed m the analyses 


Results 

The determmations are expressed m the form of the three followint^ 
tables ^ 

Ivmph wevghmg 3 015 grm. dilated to a volume ol 50 c.c mth water 
- C.C. portion of this dilution was heated and the nitrogen content of the resulting 
^golum determined bv Kjcldahl aualt-ais was 0 0025 gnm Assuming that the coagulum 
^pr^nts the total protem and usmg the factor 6-45 for the conversion of weight nitrogen 
o weight protein, 100 c,c of Ivmph ( 100 S3 gniL) contains 1 34 grim protein. The per cent, 
of protem bv weight is therefore 1 33 

^ ^ usmg this value it is assumed that the heat coagulum represents the total protem 
° ^nt of the specimen. A second 20 c c portion of the same dilution contained 0 00334 
c total nitrogen as detenmned by Kjcldahl analysis. 
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Table I 

Frequency distribution of the percentages of protein m the fluid 
from the Jymph sacs of 60 nonnai frogs, 

p c No of mdividuala 

0 29 to 0 09 9 

0 74 to 1 35 38 

1 38 to 2 17 13 


Table IT 

Percentages of protein m the fluid from the lymph sacs of seven frogs with the marked 
oedema which accompanies the matmg season, 

pc, p 0 

Frog 1 0 60 Frog 6 1 65 

2 1 07 6 1 73 

3 1 38 7 I 78 

4 1 57 


Table HI 


Colloid osmotic pressures of blood and lymph 
(Includmg determmations by Krogh 1922 and White 1924 ) 





Blood 



Lymph 



Descrip ion 

Osmotic 

press 

mm 

water 

Protem 

pc. 

OP 

prot 

pc. 

Osmotic 

press 

nun 

water 

Protem 

pc 

OP 

prot 

pc. 

1 

Normal male 

69 0 

2 87 

24 0 

37 0 

150 

24 6 

2 

Normal male 

6S0 

2 49 

27 3 

28 0 

1 22 

22 9 

3 

Normal male* 

134 0 

4 29 

31 2 

77 0 

2 17 

354 

4 

Emaciated female 

15 0 

1 39 

10 8 

60 

043 

116 

5 

Mixed 4 frogs 

69 0 

— 

— 


— 

— 

0 

(Edematous male 

545 

2 01 

27 0 

28 5 

1 07 

26*6 

7 

(Edematous male 

66 0 

2 61 

25 2 

47 0 

1 77 

26*5 

8 

(Edematous male 

76 0 

2 80 

27 1 

37 0 

137 

25*0 

9 

Alixed 4 cedematous 
males 

86 0 

3 27 

26 3 

77 0 

1 60 

481 

Krogh, 1922 
Frog’s blood hirudimsed 

55 0 

2 1 

26 0 







600 

1 5 

40*0 

— 

— 



White 1924 

(oxalated) mm plasma 

Frog 1 96*0 

24 

400 





Frog 2 

98 0 

2 52 

39 0 

— 

— 



Frog 3 

115 0 

28 

41 0 

— 

— 



It IS to be noted that of the 60 

frogs included m 

Table I this 

animal showed the 


highest percentage of protem m the lymph 


Discussion 

In presenting his figures for the osmotic pressure of the blood colloids 
of the frog, White(4) points out the forces which might bring about 
filtration through the glomerular capillanes The subsequent measure- 
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ments reported by Hay man (7) which show glomerular capillary pres- 
stiies higher than the ones of Hill which arc cited b) White add further 
evidence that this filtration may occur Landis(i) by a method of 
direct measurement has found that the average pressure in the artcnolar 
capiUanes of the frog mesentery is 14 5 cm of water, and that of the 
venous capillaries is 10 0 cm of water Usmg the figures of White tins 
author pomts out that capillary pressure may be above or below the 


osmotic pressure of the plasma coUoids throughout the whole length of 
any capillary m successive moments As our figures are lower than those 
given by White, they make it more safe to conclude that there exists 
a filtration of flmd throughout the systemic system to the extent that it 
be assumed that the capillary pressures of the mesentery hold for 
other regions of the body In makmg such an assumption it is important 
to recall the fact that the frog possesses two portal systems, that of the 
ver and that of the kidney Both of these organs impose the obstruction 
0 a second capillary bed m correspondmg portions of the venous system 
he fiver receives the venous blood of the mtestinal tract including the 
tectum and bladder as well as blood from the Bulbus cordis, from the 
abdommal waU and a part of that of the hind legs The kidney receives 
tae remamder and larger fraction of the blood from the hind limbs, as 
f ftom the dorsal part of the trunk and the rump and in the 

emale fem the oviduct (8) It is almost certain that the existence of 
secondary rapiUaiy bed must act as an important factor m the deter- 
tion of ^e pressure gradient m the vessels of the primary circmt 
increase the volume of filtration is the 
Lm tWfi 2 17 p c of protem m the flmd of the lymph spaces 

part of ni^t infer a degree of permeabdity to protem on the 

adjacent capiUanes ivhich is entirely nnlihe that 

as the h/er^'^r'"'^ ^ mammals except m certam tissues such 

^ impression that this mcreased permeabdity is a 

low ba mcreased wherever the effectiveness of the already 

of osmotic pressure is reduced by this permeabdity 

coUoidal^^^o/^^g"^^ b'^'“ pressure of the 

of the b^dcTn 7^77^5? mtravascular 71 

ooUoid osmotic n ^ ^^P^osentmg the effective 

Opposed to this^'inSst '7? ^ capillary 



308 E D CHURCHILL, F NAEAZAWA AND C E DRINKER 

It IS of interest therefore to find that Isa jama (2) wnrlnng from an 
entirely different point of view has estimated that m the toad a volume of 
fluid equal to that of the total blood plasma passes from the vessels into 
the tissues and is collected by the lymphatic system at least fifty tunes 
m twenty-four hours This wnter estimated changes m blood volume by 
countmg the erythrocytes and determmed the amount of blood volume 
dimmution dunng the first ten mmutes following the destruction of the 
lymph hearts 

The physiological significance of the actively beatmg lymph hearts 
of the frog at once becomes obvious if we consider that we are dealing 
with an ammal which is carrying on a general filtration of flmd from its 
systemic circulation, and m addition possesses at least a large capiUaiy 
area which is freely permeable to the protem constituents of the blood 
plasma 

SUMMAJRY 

The protem content of normal frog lymph vanes from 0 29 to 2 17 
p c , the usual value bemg 1 00 p c The average osmotic pressure of 
the colloids of the blood serum of rone frogs was 71 mm of water In 
the same mdividuals the average coUoid osmotic pressure of the lymph 
was 42 mm of water 

These values considered m the light of known capiUaiy pressures 
show physical and chemical forces actmg to produce a normal movement 
of blood plasma mcludmg a fraction of its protem from the blood vessels 
into the lymphatic system This is consistent with published volumetnc 
estimates of the rate of fluid exchange in the frog 

Such a concept is of the utmost importance m expenmentation m 
volving the use of the frog for the study of capiUaiy permeabihty 
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THE INFLUENCE OF VARIOUS SUGARS ON THE 
RESPIRATORY QUOTIENT A contribution to the 
Significance of the R Q 

By E P CATHCART aot) J MARKOWITZ 

[From the Institute of Physiology^ Glasgow Vmiersity ) 

Although the respiratory quotient has been determined m many 
investigations, smce the special relationship of the carbon dioxide output 
to oxygen consumption ^vas first recognised by Lavoisier, established 
on a firm basis by the vrork of Regnault and Reiset and definitely 
referred to by Pfluger as the Respiratory Quotient, there seems to be 
a tendency in many quarters to look on this ratio as a definite unit of 
unequivocal significance The fact is only too frequently not appreciated 
or, if appreciated subconsciously, is ignored m practice that the COo/Oo 
ratio represents not a single, relatively simple, physiological phenomenon 
but IS the sum of an infimtely large, relatively unknown, senes of 
phenomena To-day, with the more frequent determinations of the 
respiratory quotient due to the interest aroused m the chemical changes 
which take place durmg the contraction of muscle and, even more pre- 
dominantly, by the mass of work on carbohydrate metabolism mcited 
by the discovery of msulin, it is all the more necessary that there be a 
proper appreciation of the true significance of this quotient It cannot, 
we think, be held to misstate the present casual mterpretation to say that 
judgmg from published evidence of many workers the COJOo ratio is 
beheved to he sound evidence of the nature of the combustion processes 
taking place m the organism at the tune of the determmation It is very 
obvious that, unless the experiment be earned on for a considerable 
penod by some chamber method, this simple explanation can never be 
^ahd masmuch as the COo cannot possibly be whoUy a derivative of the 
particular 0 ^ taken m ^N^aturaUy the longer the duration of the expen- 
uient the more probable it is that the CO2 output is directly related to 
Ihe O2 consumed This obvious and simple fallacy, as well as the other, 
that the output of COo may be due m large measure to excessive pumpmg 
OQt such as occurs m forced breathing and even m other less obvious 
respiratory disturbances, has of course been apprehended by many 

PH r^t ot 
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workers But, on the other hand, many of those who both directly and 
indnrectly infer that the ratio is indicative of the nature of the material 
combusted entirely overlook the equally obvious fact that the COg level 
may alter not from an actual combustion of food-stuffs in the body but 
merely by metabohc transformation (a) with a marked mcrease m O2 
consumption as m the conversion of fat or protem to carbohydrate, and 
(b) without a corresponding utilisation of O2 as m the conversion of 
sugar to fat 

The question of the significance of the r q takes us however mto 
much more comphcated phenomena than the relatively simple senes, on 
paper at least, of chemical changes mvolved m the combustion of the 
various food-stufis The difhcultaes mvolved m the utilisation of this 
ratio have been rather imphcitly than exphcitly acknowledged by really 
skilled workers like Zuntz and others, when, m order to simplify then 
calculations, they deal with the non-protem quotients, % e they either 
state that the protem element m the organism has undergone so httle 
change during the limited period of the experiment that it can be ignored, 
or else due allowance is made and the residual CO2/O2 is held to represent 
the combustion values of the fat and carbohydrate But when considered 
m this simple and convement fashion the assumption has to be made 
that we can speak of clean, straightforward combustion, that these non- 
protem fuels are stoked, so to speak, on to the cellular furnaces and are 
burnt m the same effective manner as takes place m the bomb calori- 
meter This would no doubt be a perfectly good conclusion if we were 
dealing with a static mechanism But if any one pomt is clear m our 
physiology it is that whatever the ultimate “mechanism” of hvmg tissue 
may prove to be it is certainly not static We come back necessarily to 
the old quarrel between Bonn and Munich Is it necessary or not that 
the material ingested become an mtegral part of the hvmg protoplasm 
before it is utilised^ No uneqmvocal answer can be given to this question 
but we are of the opmion, contrary to many workers, that the balance 
of evidence is m favour of the view that the material to be utilised must 


become m some way an mtegral part of the protoplasm or hvmg matter 
before it can undergo either anabohsm or catabolism If this be so it 
IS folly to speak of the disturbances of COg output and Og utilisation, as 
manifested m the b q , as evidences solely of processes of combustion 
Of course it is true, there bemg abundance of evidence m support of the 
statement, that if the mtake of material is predommantly fat or carbo- 
hydrate there occur very defimte and, on the whole, very constant changes 
m the character of the r q The process of mamtainmg cellular ^qmh- 
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bnuni 15 brouslit about however not merely by buming o2 the excess 
of auv one food-stufi given but by an infimtelv finer senes of metabolic 
chances which lead to transmutation rather than destruction of the 
mgested materials The whole trend of modem chemical phvsiology is 
to show, that despite the apparent dissimilantv of the proximate 
prmaples consumed as foodj within the hving cell there is a chemical 
khihtv The old hard and fast distinctions and presumed fixity of 
Structure and entity of the various components are no longer adhered to 
Further there is good evidence which points to the fact that these various 
components cannot he utilised mdependently In other words although 
the ultimate end mav be combustion, we cannot now conceive that the 
Hole function of the Oo absorbed is to brmg about the combustion m a 
direct fashion. Armsbv(i) put the problem m an mterestmg way when 
he wrote, “The metabolism of matter and energy m the body might be 
compared to the exchange of water m a mill pond The water m the 
pond mav represent the materials of the bodv itself, while the water 
runmng m at the upper end represents the supplv of matter and energy 
m the food, and that going down the flume to the millwheel the meta- 
bohsm required for the production of phvsiological work. The water 
flowing mto the pond does not immediately turn the wheel, but becomes 
part of the pond and loses its identity Part of it may be drawn mto 
the mam current and enter the flume comparativelv soon while another 
part may remam m the pond for a long time 

That this conception of Arms by s is no mere simile is shown very 
clearly for the most haU marked of the three principal constituents of 
food namely the proteins Repeated snpenmposrtion experiments have 
shown that mgested protem is not necessarily utilised forthwith but that 
It mav, according to its nature, be retamed m part for tbxee four or 
five days after its mgestioru Perhaps rfc is more accurate to say that 
mtxogen ingested m the form of protem does not whoUv reappear m 
cqmvalent amount until after the expirv of the tunes stated. We have 
no warrant of course for asserting that the excess mtrogen which does 
appear is the actual mtrogen which was ingested. The experiments, 
too, which have been earned out on the rates at which mtrogen and 
^phur are excreted, after their mgestion m the form of protem, go to 
5how that very special changes occur during the course of metabolism 
^hich cannot possiblv be explamed on anv simple combustion hvpo- 
thesis 

Owing possiblv to their simpler structure and especially to the fact 
that they neither contam nor give nse (normally) to any identifiable end 

21—2 
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products excreted by way of tbe unne, we cannot make such definite 
assertions m the case of carbohydrates and fats as we seem entitled to 
do m the case of protein 

When all is said and done, to most workers, the fact which firmly 
establishes the value and significance of the b Q is that the data ohtamed 
by direct and mdirect calorimetry agree so well, that, as there can be no 
gainsaying the direct method of measurement of heat loss, the mdurect 
method, which is based on caloric values of a htre of oxygen varying 
with the K Q , must of necessity be vahd But it must be remembered 
m this connection that m order to obtam reasonably close agreement 
between direct and mdixect calorimetry the determination of the R Q 
need be only approximately accurate, as the caloric value for a htre of 
O 2 when the r q is 0 71 is only from 5 to 7 p c less (according to the 
data used) than when the E Q is umty^ 

Murlin and Lusk(2), ma beautifully executed senes of experiments 
on a dog, found, for example, that m mneteen out of thirty-two expen- 
ments the difference between mdirect and direct calorimetry was less 
than 2 p c and m two of the experiments it was less than 1 p c This 
would seem to clench the matter and settle for all time any discussion as 
regards the vahdity of calculating heat loss from an b q basis Du B 01 s 
and Gephart(3) showed also, on the basis of their mvestigations on human 
subjects, that there is remarkable agreement between the two methods 
not merely when long periods are considered but when penods as short 
as one hour are taken In a total measurement of nearly 5000 calories 
from seven subjects the two methods came withm 0 17 p c of each other 
and on a larger number of subjects, both healthy and diseased, with a 
total measurement of 27,632 calories the direct calorimetry value was 
1 62 p c inferior to the mdirect 

We do not wish to cast any doubts on the vahdity of the calculations 
of mdirect calorimetry when the experiments extend over several hours, 
mdeed, we are whole hearted behevers m the method under these 
conditions We even beheve that when conditions m the body are 
stabilised (as they presumably are m the post-absorptive condition when 
basal metabohc rates are commonly detennmed) agreement between 
mdirect and direct calorimetry will be close Thus if the senes of basa 
metabohc experiments given by Murlin and Lusk be statistically 
analysed, it wiU be found that although the standard deviation of the 
date obtamed by the mdirect method is some 20 p c greater than that 

1 Further the non protein b q of 0 71 assumes that fat and fat alone is being burnt, 
an assumption which in the hght of modem knowledge is perfectly mconceivable 
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oUamed from the data of the direct method, yet the differences betvreen 
the two means can be regarded (accepting the current statistical criterion) 
as being insignificant 

But where metabohsm is actively proceeding m the organism, as may 
occur in short experiments following food, this close agreement cannot 
he expected If the R Q were merely the mdex of combustion, which it 
IS commonly assumed to be, agreement should be as close under these 
conditions as m the post-absorptive state If experiments earned out 
when the metabohsm is active be continued sufBciently long however 
conditions again become stabilised so that the agreement between the 
sum of hourly penods by the two methods may be very close and yet, 
especially m the early penods when metnbohsm is active, the agreement 
m the mdividual short penods may be less good IVe have analysed 
the experiments m which glucose was given in the Murlin and Lusk 
senes Admittedly the number of experiments is not very large, only 6, 
gmng 23 penods m aU ITe find that here again when the total penod, 
t e the sum of all the values, was considered, that the difference existing 
between the data obtamed from the indirect and direct methods may 
be regarded as being statistically nonsignificant Agam the standard 
deviation of the direct data is lower than that of the indirect data The 
feet that m each case the standard deviation was lower with the direct 
means simply that there is an additional, improperly assessed, factor 
involved m the calculation by the indirect method lyhen going over 
the data we noted that m all the experiments (this holds good for many 
other expemnents besides those cited now) the mdirect measurement 
figures were invariably higher than those of the direct during the first 
penods, i e the penods begmmng, as a rule, about 45 minutes after 
givmg the sugar and extending over the hour dnnng which the meta- 
bolism IS presumably most active It is questionable, of course, if 
statistical treatment of such a short senes of figures is justifiable, 
nevertheless we tested the data by the same methods as employed above 
and found that the difference found between the mdrrect and direct 
methods was statistically significant One deduces then that some 
factor ox factors entering mto the calculation of the heat output by the 
indirect method has not a uniform or constant value The methods by 
Tv-hich both COj and Og ate deternuned, especiallj m a laboratory like 
J'Hsk’s, are as good as tbev can be made but, on the other hand, the 
calcnlatton of the oxygen value mto heat nmts is based on the assumption 
that combustion, and combustion alone, is taking place and these values 
are dependent on the vahdity of the b q In other words the non-agree- 
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ment foimd may be ascribed to tbe faulty mterpretation of a perfectly 
detenxuned e q 

Furtlier evidence that it is the b q which is the determiniag factor 
in this discrepancy, which exists between the two determinations, is 
afforded by a further statistical study, not only of the glucose expen 
ments but also of those in which fat was given in the same senes of 
Murlin and Lusk, in which the correlation ratio between the r q and 
the differences found between the data of the iBrst and second penods 
obtained by indirect and direct calomnetry is determined A positive 
correlation of 0 41±0112 is found, which indicates clearly that the 
non-agreement is m large part due to some factor varying directly with 
the R Q In all probabihty this variable factor is the calonc value assigned 
to the oxygen We therefore reach the conclusion that the b q when 
metabolism is proceeding at an active rate must mdicate more than 
mere combustion, that changes other than complete conversion of the 
non-protem substances mto CO 2 and H 2 O are also takmg place 

Benedict and Carp enter (4) m their study of the stnnulatmg effect 
of nutrients state very deffnitely (p 173), that the agreement between 
the results obtamed by mdirect and direct calomnetry was m many 
instances extremely unsatisfactory, and they come to the conclusion that 
direct and mdirect calomnetry may not necessarily agree under abnormal 
conditions such as occur when excessive amounts of carbohydrate are 
mgested (eg 100 grm glucose) It will be noted that they specifically 
refer to carbohydrates, the food-stuffs which on ingestion brmg about 
most readily considerable differences m the level of the R Q 

In the course of an mvestigation, which had a somewhat different 
aim, we found that the effect of the administration of different sugars 
produced very considerable differences m the B Q curve When we 
made our observations we were not aware that very similar experiments 
had previously been made by Higgin8(5) and by Benedict and 
Carpenter(4) 

Method Our subject, a yoimg adult male, weighmg 58 kdos, came 
to the laboratory m the mommg m the post-absorptive condition After 
a complete rest on a comfortable bed for at least 30 mmutes his restmg 
basal metabohsm was determined, usmg the Douglas-Haldane method 
The subject then swallowed 50 grm of the sugar selected (47 grm m the 
case of the disacchandes) dissolved m about 200 c c water An: samples 
were then collected at half-hour mtervals, usually for two hours TMiere 
blood sugars are reported, the blood was taken from a finger punctine 
immediately after the collection of the air sample The analysis 0 t e 
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espited an always done m. dupbcate All our results are strictly 
comparable since tbey were obtained under identical conditions The 
figures lUnstratmg these results are drawn to the same scale AH sugars 
used were the purest procurable 

Rciiult^ obtained As shown in the following table (which is a com- 
posite one, obtained by averaging the results from the various expen- 
ments, the individual values bemg given m the varzous graphs) the 

Table I 


Peu<Ki4 

Basal (2y 

Glucose (o)*^ 

Lsevulose (3)* 

Galactose (1)* 






■■■ 



«* ■ 


RQ 

p 

RQ 

Oj ac 

RQ 

0. ac. 

RQ 

Oj C.C 

Basal 

820 

207 

855 

196 

809 

208 

777 

211 

After BUgar 









End of 1st half hour 

S33 

214 

860 

222 

1 025 

216 

1002 

229 

End of 2nd half hour 

810 

212 

927 

222 

1040 

216 

9S9 

224 

End of 3rd half hour 

805 

213 

916 

20S 

907 

227 

909 

230 

End of 4th half hour 

— 

— 

883 

211 

• — • 

— 


— 

Periods 

Cane sugar (3)* 

Maltose (1)* 

Lactose (2)* 

DUiydro'^ 
acetone (2y 


R-Q 

0* c (X 

RQ 

0. c,c 

RQ 

Oa c c 

RQ 

0* ao 

Basal 

852 

204 

766 

19" 

848 

201 

o 

CO 

204 

After sugar 









End of 1st half hour 

1002 

210 

801 

231 

841 

207 

1 145 

238 

End of 2n.d half hour 

997 

214 

917 

23i 

899 

207 

882 

226 

End of 3rd half hour 

881 

214 

877 

227 

915 

210 

839 

208 

End of 4th half hour 

832 

217 

— 

— 

— . 

— 

851 

200 


* These numbera give the number o{ experiments done with each sugar, the average 
of the results bemg given m the column below 


difierent sugars have very difierent effects on the r q The normal courae 
of the R Q under stnctly basal conditions in two experiments, which 
earned out on the same subject m an exactly similar fashion to 
the other experiments, is also recorded* 

As the result of the ingestion of glucose the n q either remains 
practically unchanged, or may even fall slightly at the end of the first 
half-hour period The maximum use takes place at the end of the 
second period and is followed by a defimte fall As regards the oxygen 
consumption values, a very definite nse m the utilisation occurs at the 
end of the first half hour, which is equalled by that at the end of the 
second period The consumption remains elevated dnnng the two 
remammg penods The other two monosaccharides bring about siinilar 
but greater alterations m the course of the R Q despite the fact that 
one IS an aldose and the other a ketose A very sharp nse is found at 
Ihe end of the first penod, a nse which, m the case of Isevulose, is 
oontmued in the second penod but which dechnes somewhat m the case 
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of galactose It continues elevated in both in the third periods With 
both sugars there is some increase in the oxygen consumption, but m 



neither is it bo great as is the case vnth glucose m the first and second 
P^ods but in the thud period m both it definitely exceeds the glucose 
ntuisation. As regards the disacchandes cane sugar undoubtedly pro- 
uces t e most definite changes m the gaseous exchange There is a 
very defimte nse in the e q at the end of the first half hour mhich is 
cceeded by a slow but unnustakeable faU The mcrease, however, in 

th! ^ not a definite feature In the case of maltose 

result obtamed resembles somewhat the effect of glucose except that 
he nse m E Q at the end of the first half hour is greater, possibly due to 




pe:r cc 


too 
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the low initial value and that the consumption of oxygen is quite 
definitelv greater Lactose on the other hand seems to exert its action 
much more slowlv, the maximum n Q not bemg obtamed until the end 
of the third half hour The oxvgen utilisation as the result of the m- 
gestion of this sugar undergoes but hrtle change, even when the B Q 
reaches its maximum the consumption is not greatlv enhanced It is 
probable that this sugar did not undergo anv marked hydrolysis m the 
mtestme as m both experiments it caused some diarrhcea In the case 
of dihvdroxvacetone there is a xemaxkablv sharp nse m the b q found 
at the end of the first period, which is followed by a fall almost as sudden 
There is a verv defimte nse more marked than with anv other sugar 
except maltose, in the consumption of oxygen 

ITe also investigated the influence of the ingestion of these vanous 
carbohydrates on the course of the blood sugar (ila clean’s method) 
FoDowing the ingestion of glucose and maltose the blood sugar shows a 
^mart nse to a maximum value m half an hour In the case of Icevulose 
there is onlv a shght nse m the copper reducing power of the blood and 
this is even less marked with lactose, galactose and dihydroxyacetone, 
the last substance, mdeed, actuaUv mducing hypoglycmmia 

Otcr results agree with those of Higgins(5) m that Ifevulose, galactose 
and sucrose caused a sharper and more marked nse m the B Q than did 
glucose Togel, Brezina andDurig(6) found that the n q after the 
administration of tevulose rose more promptly and to a higher level 
than that following glucose Benedict and Carpenter(i) also noted 
that the f q after the ingestion of Isevulose and sucrose rose higher 
than that foUowmg glucose As regards the influence of dihvdroxyacetone 
Himwich €i al (7) found that the p Q m a dog following the mjection of 
this substance was very much higher than that after the administration 
<^f corresponding amounts of glucose Alas on (S) obtamed identical 
m the human subject 

Discussion of results It is an extra ordmary observation that, as 
Judged by the k q , the tissues combust with much greater facihtv than 
the alpha-beta glucose those monosaccharides which are normally absent 
from the blooi If this were so, it may be noted, it would be qmte 
contrary to the results which have been obtamed with ammo acids (S) 
There is however no direct evidence that the organism can oxidise these 
Monosaccharides without first converting them mto glucose and the b q 
M these experiments cannot he mterpreted as mdicating the preferential 
combustion of monosaccharides foreign to the blood streaim AVe beheve 
he explanation of the apparent anomalv is given by the consideration 



320 


E P OATHCART AND J MARKOWITZ 


of the fate of dihydroxyacetone in the animal body This substance 
cannot be oxidised as such, but must first be converted mto glucose by 
the hver(9) Thus when adnunistered to depancreatised dogs receiving 
neither food nor msulm it was excreted quantitatively as glucose m the 
unne, most of it withm a few hours Durmg this time the k q , as a rule, 
fell to about 0 67 (lO) It exerted no mfluence on the hypoglycaenuc 
convulsions of hepatectomised dogs and when mjected mto nephiec 
tomised, surgically hepatectomised, preparations it was recovered 
unchanged m the skeletal muscles several hours later 

What IS true of dihydroxyacetone is probably more or less true of 
the other sugars Lsevulose, for example, is excreted quantitatively m 
the urme of depancreatised dogs as glucose, the r q bemg unafiected by 
the administration When fed to a hverless dog monbund from hypo- 
glyceenua Isevulose neither brings about recovery nor does it, unhie 
glucose or d-sodium lactate, lead to a deposit of muscle glycogen (H) 

A plausible explanation, therefore, for the great rise m R Q following 
the giving of dihydroxyacetone, Isevulose and galactose is that these 
subtances, bemg abnormal constituents of the blood, are rapidly 
removed from the circulation by the hver The absence of alimentary 
hyperglycaemia is good evidence m support of this view The transfer 
mation of these substances mto glucose raises the tension of carbohydrate 
m the hver to a degree sufidcient, not only to stop glyconeogenesis out 
of fat and protem but also to bring about a considerable synthesis of fat 
It IS not easy to accept this explanation as its experimental verifies 
tion IS beset with many difficulties But whether the hypothesis be 
correct or not, smee there is no evidence that the tissues can oxidise 
dihydroxyacetone directly the mfluence of this substance on the R Q 
can only mean that this quotient is at least not a combustion quotient 
It IS probable that this response, moreover, is not an anomalous 
exceptional one Thus when a mixture of fat and carbohydrate is com 
pletely burned outside the body the relative proportion of these 
obviously reflected m the R Q Based upon this proposition tables 
been constructed which purport to mdicate from the R Q t e ex 
proportions of fat and carbohydrate undergoing complete oxi ation m 
the animal body Such a calculation is fundamentally unsoun s » 
as already suggested, it makes the very improbable assumption that tn 
phenomena of metabolism occur m a tripartite system, m ^ ^ V 
protem and carbohydrate are bemg oxidised synchronously an a 
same time mdependently of each other, just as though they were e 
oxidised in titro The R Q assumes qmte a different significance in 
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sunultaneoTis presence of extensive syntheses or decompositions The 
organism IS always manifesting these changes, either when fed or fasting 
During the course of the day enough food is mgested to provide sustenance 
for the night period Let us consider the relatively simple case where a 
diet (just sufficient to cover the energy requirements) consists of protem 
and carbohydrate exclusively, the protem supplymg 15 p c of the total 
energy Such a diet has of course a non-protem R Q of unity An 
orgamsm subsisting on this diet for several days should have an r q 
of about unity before breakfast, if none of the pre^uously mgested 
carbohydrate be stored as fat Benedict and Higgins (12) fed a number 
of subjects for four days on a diet containmg 600 grm of carbohydrate, 
100 grm protem and 24 grm fat, eqmvalent to 3050 cals The non- 
protem e q of such a diet is 0 97 The basal r q however m the post- 
absorptive condition averaged only 0 87 Althongh the energy mtake m 
these experiments was well m excess of the requirements, the fact that 
the fasting e q was no higher than 0 87 can only mean that durmg the 
day much of the stored glycogen was transformed mto fat and that in 
the unfed” period the newly synthesised fat was contnbutmg to the 
energy requirement, possibly by oxidation through a carbohydrate 
stage It is impossible m our opmion to escape this conclusion To 
account for the comparatively low post-absorptive R Q the non-protem 
R Q durmg the day would require to show a compensatory nse to over 
'Maty These considerations render mevitahle the conclusion that the 
phenomena of anabolism and catabohsm are m dynamic equdibnum, 
anahohsm, with its attendant syntheses, predo min ating durmg the day 
aud catabolism, with its attendant decompositions, durmg the mght 
^Then the body weight is constant, the average r q taken over a period 
of 24 hours must reflect accurately the nature of the diet, smee the error 
incurred by too high an e q during the day would be neutralised by 
too low an E Q during the night 

On an ordinary mixed diet the e q durmg the day does not exceed 
Muty as there is enough fat m the diet to keep the R q down The 
post-absorptive b q is however lower than that found durmg the course 
of the day The same criticism, therefore, is vahd for any diet m which 
the food IS ingested m three or four meals durmg the day In order to 
obtain a true picture of metabolism from an isolated determination of 
Ihe E Q the food mtake would have to be spread out over the 24 hours, 
^ that, for example, the mdividual mgested every haU hour ^th of a 
Mixed sample of the daily ration 

The fact that the non-protem p q du rmg prolonged starvation hes 
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m the neighbourhood of 0 71 is, we beheve, evidence of the correctness 
of this reasoning In this condition the glycogen content of (a) the hver, 
and (6) the muscles has become stabilised As the glycogen breaks down 
respectively (1) to mamtam the normal sugar concentration of the blood, 
and (2) to supply energy for muscular activity and the mamtenance of 
body temperature, fats and proteins break down to replace the glycogen 
utilised, the process being m a state of dynamic equihbnurQ It is for 
this reason that prolonged starvation will not render a rabbit glycogen 
free, even when accompamed by a preliminary “deglycogenation” hj 
means of strychnine and cold ( 13 ) The glycogen re-accumulates as soon 
as these latter influences have passed away The glycogen which is 
always present m the tissues m starvation is therefore a dynamic and 
not a static substance, as is sometimes erroneously supposed An n Q 
of 0 71 m starvation mdicates that although the organism utilises 
glycogen for cardiac contraction, for respiratory movements and for a 
certam amount of voluntary muscular movement, the replacement of 
this glycogen from fat and protem is a steady process, the algebraic 
sum of the E Q 's of these transformations bemg 0 71 Even a smgle 
estimation of the k Q m starvation is probably an accurate mdex of 
the type of metabolism, smce the organism is utihsmg its body fat an 
protem not m three meals a day but more or less contmuously 

Many mvestigators have studied the R Q durmg muscular exercise 
m order to determme the nature of the fuel combusted by contracting 
muscle, without considering the dynamic nature of muscle glycogen 
That there has been considerable disagreement until recently ^ 
surprising m view of the many variables requirmg control In sho 
bouts of muscular exercise m man the r q m excess of the basal unng 
exercise plus recovery works out exactly to umty (14) It may be 
therefore, that the muscles of an mtact mammal use carbohyifrate as 
them fuel, just as is the case m the isolated gastrocnemius of the og 
When this method of calculation is apphed for longer periods of 
the R Q , however, works out to less than umty(iB) This, we e e , 
mdicates that the depletion of glycogen durmg prolonged ® ^ 
brings about a compensatory breakdown of fat to replace c g y g 

which is bemg used up ^cimllv 

Qmte apart from mere ‘‘auspumpen,’' the eQ, as ^ _ 

calculated, may obviously be very vanable, ^ 

of the exercise and the ‘'condition’’ of the subject The 
of muscular activity possible occurs when a fastmg m ^ these 

on a couch Although the heart and respiratory muscles un 
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conditions must be utiliBmg carbobydiate in appreciable quantities the 
R Q IS approximately 0 71 Fat is evidently replacing glycogen as 
rapidly as the latter is bemg used up When a fasting dog vas made to 
valk on a treadmill at tbe rate of 3 miles an hour for 3 hours the r q 
was 0 71(16) Under these conditions, again, glyconeogenesis out of fat 
exactly balances glycogen breakdown m the mus cle s When the muscular 
exercise becomes more severe the r q may or may not nse, depending 
on the abihty of glyconeogenesis to counterbalance glycogenolysis In 
the case of superbly tramed athletes the b Q m the post-absorptive 
condition during short bouts of maximal efiort (rowing) was often 
0-7(17) Here agam glyconeogenesis and glycogen breakdown are m 
eqmhbnnm When however the muscular exercise is prolonged as well 
as severe the E Q rises often to nearly umty (18) The extent of the rise 
IS presumably conditioned by the disparity between glycogen breakdown 
and glycogen formation out of fat 

There is accordingly good reason for regarding the non-protem e q 
as being chiefly an mdex of the direction of the dynamic transformation 
carhohydrate fat When the reaction is predominantly to the right 
the E Q IS high and when to the left it is low It is extremely doubtful 
if the organism ever oxidises muscle glycogen without some compensatory 
glyconeogenesis and similarly it is also doubtful if, m anabolism, the 
hver stores glycogen without some transformation of glycogen mto fat 
One of the modem fundamental deductions m chemistry is that all 
reactions are reversible and that all reactions tend to reach an eqnih- 
tnnim This IS also probably true of the phenomena of metabolism 
^en food‘Stn5s are combusted tn vitro the proportion of these is re- 
flected m the E Q but the b q cannot have this uneqmvocal significance 
in the mtact organism smce concoimtant syntheses and decompositions 
are going on all the tune What fraction of the s q represents a com- 
bustion quotient mnst for the present remain undecided Should future 
investigation detennme that the energy requirements of the organism 
can come only from the direct breakdown of carbohydrate and that fat 
snpphes energy by oxidation through a carbohydrate stage, the non- 
protem E Q will signify merely, as already stated, the direction of the 
shift m the dynamic transformation carbohydrate fat, plus the 
Oxidation of the carbohydrate 


COXCLTJSIOXS 

(1) The administration of 50 grm of glucose causes a leisurely nse 
^ the RQ -whereas the administration of equivalent quantities of 
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sucrose, galactose, leevulose and dibydroxyacetone brings about a prompt 
nse in the r q to over unity 

(2) These differences cannot be attributed to differences in the rate 
of absorption as is shovTi by blood sugar estimations 

(3) It IS pomted out that these r Q cannot be mterpreted as 
mdicatmg a preferential combustion of sugars other than glucose, smce 
the tissues cannot use dihydroxyacetone until this substance has been 
converted mto glucose by the hver 

(i) The current conception of the r q solely, or even mainly, as a 
combustion quotient is criticised 

(5) The suggestion is made that the non-protem r q represents not 
a combustion quotient but the algebraic sum of the transformation 
carbohydrate fat, plus the oxidation of carbohydrate for energy 
purposes 

Our thanks are due to jUiss E L. Weatherhead for her skiUed assistance in the 
performance of most of the expenmente here recorded 
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FURTHER OBSERVATIONS ON OXYGEN 
ACCLIMATISATION 

By J ARGYLL CAMPBELL 

{From the National Institute for iledical Research, Hampstead ) 

Most preTions observations on animals under altered Oo-pressnies m 
the air have been of comparatively short duration. In a recent paper (i) 
some observations dealing mth prolonged exposures of rabbits to m- 
creased and to decreased Og-pi^ssuxe in the inspired air vrere considered 
In the present paper, this research has been extended, employing 
nionheys, cats, cavies, mice and rats m addition to rabbits 

Technique Most of the details of technique vrill be found m the 
paper (1) mentioned above, here ive refer briefly to certain modifications 
^me expemnents (see Table I) were performed, employing three difierent 
chambers One of them, called “ordinary small” m Table I, ivas the 
same as that used m the previous research and had a capacity of about 
169 litres, another termed “ordinary large” vras on the same principle, 
hut about four tunes as large In both these chambers all the experi- 
ments (Xos 1 to 8) n'ere earned out under normal barometric pressure 
luthe remaining experiment, No 9, a cyhndncal decompression chamber 
about 6 ft m height and 4 ft m diameter was used at the premises of 
Messrs Siebe Gorman, Marme Engmeers, London, m this experiment 
the barometnc pressure was lowered by gradual stages to about 
260 mm Hg, equivalent to an altitude of 30,000 ft , and a group of 
30 animals — 6 rabbits, 6 rats, 6 cavies and 12 mice — ^were exposed day 
and night to these changes for a total period of 33 days The animals 
^ere enclosed m their usual cages which were placed m the decom- 
pression chamber For purposes of feeding the animals and cleanmg 
the cages, this chamber had to be opened about every 4 days, but tbe 
necessary mampnlations were earned out rapidly so that the animals 
^ere exposed to ordinary air for a total period of about 300 mmntes 
of the whole 33 days, dnrmg the last 7 days under barometric 
pressure 260 mm Hg the chamber was not opened at all because the 
animals did not require fresh food, as they had lost their appetites and 
ad not eaten the food last supphed to them The same pimciple for 

l«XiLl nn 
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feeding and cleaning was followed m all experiments with rabbits, rats, 
cavies and mice In the case of cats and monkeys, the chambers had 
to be opened more frequently, that is, every 2 days instead of every 
4 days , by having two sets of trays, cages etc , these mampulatioiis 
required only a short time, m fact a couple of mmutes, if samples of 
blood etc had to be taken from the animals, an extra 5 or 10 mmutes* 
time was expended 


Table L Oatline of Experiments, 

Approx, 

altitude 


Exp 

ret, 

1^0 

1 

Chamber 

used 

Ordinary 

small 

Animnlfl 

employed 

2 cavies, 

Nos I and n 

Baro 

meter 

mm- 

Hg 

745 

745 

745 

745 

Av 0^ pressure 
m inspired air 

A 

mm. 

Hg pc. 

141 20 1 

330 47 1 

433 61 9 

141 20 1 

corre 
spending 
to 0 
pressure 
ft 

Sen level 

Sea level 

2 

Ordinary 

smaU 

1 cat. No n 

745 

746 

140 

287 

20 0 

41 0 

Sea level 

3 

Oidmaiy 

lai^ 

3 cats, ) 

Nos I, n and m; 

3 cats, 1 

Nos I, m and IV j 

746 

745 

746 

326 

376 

140 

460 

63 7 

20 0 

Sea level 

4 

Ordinary 

small 

6 rats and 6 imce 

745 

746 
746 

140 

297 

424 

20 0 
42*4 

60 6 

Sea level 

5 

Ordinary 

large 

2 monkeys 

Nos I and H 

746 

745 

745 

746 

138 

311 

371 

140 

19 7 
444 

53 0 
200 

Sea level 

Sea level 

6 

Ordmary 

small 

2 cavies 

Nos I and II 

745 

745 

745 

82 

72 

67 

11 7 

10 3 

95 

16 000 

20 000 

22 500 

7 

Ordmary 

large 

’l, m and IV 

745 

746 
745 

141 

86 

64 

20 1 

12 3 

9 1 

Sea level 
16 000 
25,000 

8 

Ordmary 

large 

1 monkey. No II 

745 

746 
745 

745 

746 

137 

95 

76 

70 

147 

19 6 

13 6 

10 9 

10 0 

21 0 

Sea level 
13 000 

18 000 

20 000 
Sea level 

9 

Decom 

pression 

6 rabbits, 6 rats, 
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The temperature mside the chambers vras kept about 15-20'^ C They 
were well hghted with electric hght or daylight by means of large 
windows of glass and the animals could thus be kept under observation 
In all cases the animals were enclosed m the cages to which they 
had been accustomed m the laboratory As they had lived for consider- 
able periods m these cages before the experiments commenced, the 
experiments did not mvolve any sudden dimmution of space ffiv move- 
ment The monkeys (Macacus rhesus) about 2 kilos m weight had 
plenty of room to climb about m their cage which measured 67 cm > 

61 cm N 61 cim In two of the expemnents, Nos 3 and 7, three cats 
were placed m their separate cages m the large chamber, so that they 
could see one another and had the company of one another , they slept 
most of the tune and when awake, took an mterest m what was gomg 
on m the laboratory, which they could see through the glass wmdow 
For food, monkeys received bananas, apples, oranges, lemons, 
potatoes, green stuff, turned milkj biscmts (Spratts), nuts and cod-hver 
oil, cats received raw and cooked meat, boiled fish and fresh milk, 
rabbits received hay, oats and cabbage, rats were given oats, barley, 
bread and milk, and green stuff, mice received much the same as the 
rats, cavies had bran, gram, hay and greenstuff A very hberal supply 
of water was placed m all the cages and chambers to prevent dryness, 
the bedding was kept clean by use of a large amount of sawdust as m 
the previous research (i) 

In five of the experiments, No 1 to 5, the animals were exposed to 
mcreased 02 -pressnre m the air, the maximum amounting to about 
200 pc above normal, m the other four experiments the animals — m 
some cases the same mdividuals as used for high Og-expenments — ^were 
exposed to lowered O^-ptessure m the air, the TmTumom being about 
60 p c below normal The general outlme of the experiments is given 
lu Table I, to take an example, m Exp No 1 two cavies were exposed 
^ the ordmary small chamber at normal barometne pressure, to 
110 miTL Hg of Og m the mspned an— that is about normal Og-pressure 
^for 8 days, then for the next 24 days they were exposed to mcreased 
piessnre of 0^ at a level averaging about 330 mm. Hg, this was unme- 
oiately followed by 33 days exposure to O 2 at 433 mm. Hg, whilst for 
the last 14 days m the chamber the animals were agam xmder almost 
nomal Oj^pressure for the purpose of control results Exp No 3 
followed immediatelv after Exp No 2 without any break, the change 
involving mcrease m the number of cats used and also mcrease m the 
of the chamber employed. 


22—2 
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Frequent analyses of the air m the decompression chamber and 
daily analyses of the air m the ordinary chambers were made, the same 
precautions being observed as m the previous researched), 02 “Consump- 
tion, blood changes and tissue COg- and Og-tensions were estimated by 
the same methods described m the paper referred to Blood samples 
were taken from an ear vein m all animals except rats and mice when 
a tail vem was used 

Effects of altered O^ressure in the air upon blood The mcrease of 
Hb p c and of red cells which normally occurs on exposure to lowered 
Og-pressure m the air was observed m all my animals except cats Nos 
in and IV (see Table H and Fig 1) We are concerned here chiefly 
with the new results with the opposite condition namely mcrease of 
Og-pressure, I found previously (i) m rabbits a marked decrease of Hb 
pc and of red cells under mcreased 02-pressure and Bornstein(2) 
obtamed somewhat s imil ar results m a monkey and some dogs m the 
Elbe tunnel under mcreased barometnc pressure (+ 2 atmospheres) 
The present experiments (see Table III and Fig 1) estabhshed the 
general truth of the statement that Hb p c and red cells are decreased 



Of m inspired air, mm Hg 

Fig 1 Relations between Hb p c and 0, pressure m the inspired air during 

exposures. The curve is drawn through pomts taken from one and the same am 
Rabbit No 2(1) 

by mcreased 02 -pressure in the air, it will be seen that this was so 
rats nuce, monkeys, and cavies as weU as rabbits, cats were the o 
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Table H Average figures for blcK)d changes under decreased 0^ pressure 

Keticulated 

red cells, WTutc cells, 
■Red ceWs tUousaud lUousands 

p c. mm Hb p c Colour mdei red cells P c 




/ 

Under 


Under 


Under 


Under 


Under 

\o 

Animals 

Normal 

low Oi 

Normal 

low Oj 

Normal 

low Oj 

Normal 

low 0 

Normal 

low 0_ 

9 

5 rabbits 

49 

93 

76 

UO 

1*00 

0*76 

25 

57 

06 

9*0 


6 rats 

78 

13 2 

92 

138 

1*00 

OSS 

26 

62 

14 6 

IT 4 


2 mice 

92 

13 7 

96 

120 

1-00 

0*84 

12 

05 

10*5 

13 0 

8 

1 monkey. 

55 

8*0 

75 

100 

1-00 

0 91 

15 

35 

14 0 

12 2 


\o n 











6 

Cavy >,0 I 

7 5 

9*0 

100 

127 

1-00 

1-00 

20 

GO 

9*0 

12 5 


„ ^0 II 

frO 

85 

90 

132 

1-00 

103 

22 

50 

12*0 

12*0 

« 

1 rabbit, 

55 

95 

90 

120 

100 

0-77 

— 

— 

72 

10-2 


^o n 












Averages 

66 

10*1 

88 

121 

1-00 

0 89 

20 

55 

10*9 

123 

7 

Cat No I 

67 

115 

85 

100 

1-00 

088 





10-7 

18*0 


„ No nr 

75 

8*0 

80 

67 

1-00 

102 

— 

, — , 

16-0 

15*0 


» ^o IV 

75 

8*0 

65 

80 

1-00 

0-69 

— 

— 

14*0 

18 0 


Averages 

79 

92 

63 

89 

100 

0-92 

— 


13 6 

17 0 


* Previous result, see reference (1) 



annuals tested whicli failed completely to follow tltfe general rule al- 
though there were one or two exceptions also amongst tke rats and 
nnce(seeFig 1) 

Some of the rats and rabbits showed stnkmg increases (70 p c and 
^ore) of Hb and of red cells under low Og-pressure whilst some of the 
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mice, rats and rabbits exhibited marked decreases (40 pc) under high 
Og-pressnxe (see Fig 1) , it was possible by alteration of Og-pressure in 
the air to produce nearly three-fold variations m the BDb p c and red cells 
The changes I observed, both under low and high Og-pressure, were 
produced gradually and passed o£E agam gradually on return to normal 
02 “pressure, several weeks bemg required as shown previously for 
rabbits (1), this seemed to exclude simple changes m concentration of 
blood or m storage of red cells Agam Bar croft ( 3 ) and others ( 4 ) have 
shown that the reticulated red cells are markedly mcreased by low 
02-pressures which is regarded as evidence of new red ceU formation 
I obtamed a similar mcrease m the reticulated red cells (see Table II) 
Moreover, under high 02-pressure I observed the opposite change, 
namely a decrease m reticulated red cells (see Table m) m aU ammals 
tested except mice It is possible also that there was an mcrease m 
rate of destruction of red cells under high Og-pressure Muir and 
Dunn (5) showed that m hsemolytic auEemia where there was a rapid 
destruction of red ceUs, there was a marked mcrease m iron content of 
the hver, spleen and kidney Boycott and Douglas (6) showed that 
this was observed only m the spleen when the rate of destruction of red 
ceUs was slower I earned out a senes of tests with five animals (rats 
and mice) which had been exposed to high 02 -pressure, using a set of 
normal rats and mice as controls, I found with the Prussian blue reac- 
tion and also by nucroscopic examination — ^for remnants of Hb pigment 
— a greater content of pigmented material m the spleens of the expen 
mental animals than m those of the controls 

Some of the changes m colour mdex were mterestmg There was an 
mcrease of 25 p c m colour mdex of some rabbits and a cavy (see 
Table IH) imder high 02-pressuxe and a decrease of colour index of 
about 24 p c imder low 02-pressure (see Table 11) Change m colour 
mdex mdicates of course a change m the Hb-content of each red cell^ 

It was unlikely that a change m value of Hb-content from 0 75 to 1 2o 
was produced merely by change m concentration of blood 

As m the previous research (i) I found no connection whatever be- 
tween changes m Hb p c and changes m body weight 

It has been stated above that the mcrease of Hb p c under low 
Og-pressure passed off m a few weeks after return to normal 02 -pressure, 
so that any mcrease of Hb produced by residence at a high altitude soon 
loses, after a few weeks residence at sea-level, any advantage it may 

have offered . . 

The leucocyte counts did not show any constant changes (see Ta es 
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H and m), under low O^-pressure cats Nos I and IV and under lugli 
02;-pressTire the mice and cats II and IH exhibited marked increases m 
the mnnber of white cells of the blood , there was no evidence of infec- 
tion and no nse of body temperature to explain these increases 

The difiexential counts for lencocytes under low Oo-pxessuxe (see 
Table TV) gave an mcrease in polymorphonuclear leucocytes as was 
observed before (i), xmder high Oj-pressure no great change was observed 
(see Table Y) except in cats H and IH where there was the polymorpho- 
nuclear leucocytosis mentioned above 


Table IV Average differenbal counts for leucocytes nnder decreased 0^ pressure 
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57 
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6 
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17 

51 

23 

9 

27 

39 

26 
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18 

33 

37 

12 

28 

46 

19 

7 

S 

1 monkey, 
Xo n 

39 

35 

14 

12 

75 

12 

9 

4 

5 
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22 

45 

28 

5 

30 

43 

16 

12 

7 
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40 
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5 
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Table V Average difierential counts for lencocytes under increased 0. pressure 


Xormal Under high 0^ 
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33 

32 

9 

27 

43 

24 

6 
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29 

24 

11 

27 

51 

16 

6 

4 6 rats 

25 

62 

10 

3 

23 

57 

10 

10 

6 mice 
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59 

12 

6 

18 

62 

15 

5 

* 2 rabbits 

23 

66 

5 

6 

15 

69 

6 

10 

2 3 3 cats 

CO 

27 

S 

5 

81 

7 

4 
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* Previou*» results see reference (1) 


Effects of altered Onrprecsure upon Ussue 0,- and CO^-tensions The 
fesne 0,' and CO,-tensions were estimated as beforea) by injection of 
under the skin and into the abdominal caTtty and estimatmg the 
to,- and O,.tensions m this gas after constancy was estabhshed. Cats 
and monkeys were employed to compare with the premons expen- 
Bientsp) with rabbits The monkeys were rather small and only small 
quantities, lOOcc, of Xj were mjected Under high Oj-pressure as 
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noted previously the gas was absorbed very rapidly so that frequent 
injections were made It has been found that if an animal be injected 
with Ng m the evemng, samples may be withdrawn the nest day for 
experiments provided that previously the animals had several small 
daily mjections for about a week to enable the tissues to become accns 
tomed to the presence of the gas 

In Figs 2 and 3 the results for Og-tensions have been plotted to 



Fig 2 Kelatious between Oj tenaiona m the abdominal canty and 0^ pressore 
m the inspired air during prolonged exposures. 



Fig 3 Relations between 0* tensions under the skin and 0^ pressure in 
the inspired air dnnng prolonged exposures. 
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sho^r their relationships vath O^-pressure in the air Fuller details are 
given in Tables VI and Vn 


Table VL Tusue gas tensions under decreas^^ 0. pressure 
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Table VIL Tissne gas tensions 

under increased 0. 
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The chief results with rabbits Nos n and III of the previous research 
are shown m Figs 2 and 3 for purposes of comparison It will be ob- 
served that with all animals the 02 “tensioiis m the tissues increased as 
the Og-pressure m the air mcreased, the curves for the different types 
of animals showed on the whole a resemblance m shape but those for 
the abdonunal cavity (Fig 2) were rather more separated from one 
another than those for the skm (Fig 3) Monkeys and rabbits had 
normally — that is when breathing Og at about 140-160 mm Hg— higher 
02 “tensioiis m the tissues than cats as was shown previously (7) 

The shape of the curves depended m the mam on the Og-dissociation 
curve for blood The pomts for the rabbit at very low Og-pressures 
exhibited a striking difference from those for the cats and the monkey, 
the former occupying a much higher level than the latter Thus under 
Og-pressure m the air about 60-60 mm Hg, the Og-tensions m the 
abdonunal cavity of the rabbit were about 28-30 mm Hg (Fig 2), 
whilst those for the monkey and the cats were about 8-10 mm Hg, 
the Og-tensions under the skm (Fig 3) showed similar but less marked 
differences The cats and the monkey were much weakened and very 
drowsy, whilst the rabbit seemed very much better, the heart was 
obviously much less affected m the rabbit than m the other animals 
and circulation was mamtamed better 

Another feature of importance was that the pomts followed the 
curves quite mdependently of the duration of exposure to altered Oj- 
pressure (Tables W and VII) The Og-tensions m the tissues were not 
brought back to normal level by prolongmg the exposure, m other words 
by acclimatisation, if this had been so the relationships, at least for 
rabbit No H which acclimatised weU (Figs 2 and 3), should be repre 
sented by almost straight hues and not by curves My experiments 
proved that acclimatisation to low Og-pressure was not due to im- 
provement m Og-tensions m the tissues but to the fact that the tissues 
became accustomed to the low Og-tensions surrounding them Eapid 
acclimatisation is due evidently to the fact that the vital organs, par- 
ticularly the heart, can tolerate low Og-tension Similarly under high 
Og-pressure m the air, the Og-tensions (Fig 2) were not reduced to 
normal by prolongmg the exposure and acclimatisation to high Og- 
pressure is due to the tissues becoming accustomed to the high Og- 
tensions m their immediate enviromnent 

The COg-tensions m the tissues on the whole mcreased as t e 
Og-pressure m the air mcreased (Fig 4, Tables YI and YII) The points, 
for both COg-tensions under the skm and m the abdonunal cavity, or 
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aU animals 'svere faixly close together The COo-tensions m the case of 
the monkey did not fall to such a stnkmg degree under low Oa-pressure 



4. Relations between CO_ tensions m the tissues and Oj pressure m the inspired aix 
during prolonged exposures The curve is drawn through points taken from Rabbit 
No 2(1) 

as did those fox cats and rabbits , this agrees with the fact that m some 
men low Og-ptessure does not depress the alveolar C02-tetLSion to the 
Same extent as in others ( 8 ) 

Since the values fox COg-tensions m the tissues were much the same 
m the cats and rabbits, C02'tensions — and therefore breathing — did not 
play the chief part m acclimatisation because the rabbits acclimatised 
well and the cats did not acclimatise at all 

Acclimatisation to low O^'pTessure No great difference was observed 
m the behaviour of the animals under low Oj-pressure produced by 
decompression and low Oj-piessure produced by presence of a large 
quantity of N2 Earefied an did not possess any advantage as is some- 
tunes suggested 

Perhaps the simplest mdication of acclimatisation is the possession 
of normal appetite, capable of mamtammg normal weight and normal 
Oo-consumption Table VIII shows the changes m weights and meta- 
bohsm There was a distmct loss of weight m all experiments under 
lov- Oj-pressure, mdicating that the animals were not fully acclimatised 
fo the lowest pressures of O2 tested The loss of weight was under- 
estimated m some cases because the animals were young and growing, 
young animals were used smce they are stated to acclimatise better 
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than oldeo: animak The Og-consumption iras not quite so good a guide 
as the weight j it was estunated over practically the whole period of 
the experunent but was not for basal conditions since it included efiects 
of feeding and movement The figures were most useful and important 


Table VTH. Average figures for metabolism and weight under decreased 0^ pressure 
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* Previous results see reference (1) 


smce they fully co nfir med the changes m weight, the animals did not 
appear to change their habits of feeding and movement to any degree 
from tune to time Where there was a loss of weight under altered 
Og-pressure, the experiment was contmued m the chamber under normal 
02 -pressure to prove that hvmg m the chamber was not responsible for 
this loss of weight, under normal 02-pressure the faU of weight soon 
ceased and there was a gradual return to normal appetite and weight 
whilst stfil m the chamber There was no evidence that animals accus 
tomed to laboratory hfe were afl^ected adversely by mere enclosure in 
the chambers used and for the durations tested 

Although it was proved that none of the animals became acclimatised 
to Oo-pressure about 60 mm Hg, that is equivalent to the 02-pres5ure 
at the top of Mount Everest, nevertheless 5 rabbits, 6 rats and 2 mice, 
after a certam degree of traimng, survived 7 days’ continuous exposure 
to 50 mm Hg pressure of O 2 (see Exp 9, Table I) It was obvious then 
that some manunak can exist for at least a week under Oo-pressure 
similar to that on Mount Everest, the animals had lost them appetites 
and were detenoratmg rapidly although the rats and mice exhibite 
activity at infrequent mtervak, chmbmg about then cages The rate 
of breathmg was mcreased slightly, m some cases about 30 p c , ^ 
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there was no obvious respiratory distress The survivors certainly looked 
more vigorous and capable of movement than did s imil ar animals which 
were exposed suddenly to low 02-pTOSSure at about 50 mm Hg for 
6 hours, without any previous training In this sudden decompression, 
the animals were exceedmgly weak and drowsy exhibiting marked 
hypetpnoea, yet all except one survived the 6 hours test , 2 cats, 2 finches, 

5 rabbits, 6 rats, 6 cavies, and 12 mice constituted the survivors, 

1 rabbit dying 

It was observed m the prolonged experiments that some rabbits, 
rats and mice mamtained their appetites and weights at 70 mm Hg 
pressure of O 2 (20,000 ft ) and seemed to have become acclimatised to 
that pressure, but the cats and the monkey lost their appetites com- 
pletely before this level and could not tolerate such a low pressure of 
Oj, losing weight rapidly, cavies also fared badly DrJ S Haldane 
informed me that cats cannot hve even on Pike’s Peak (14,000 ft ) 

We have already seen (Figs 2 and 3) that the O^-tensions m the 
tissues of the monkey and the cats were much lower than those of the 
rabbit No H, during the exposure to very low Og-pressure m the air 
and it is considered that heart failure m the monkey and cats was 
responsible The differences between the animals existed from the first 
days of exposure and were not at ah dependent on the length of tune 
of exposure These differences were not connected m any way with 
the powers to increase Hb, thus rabbit No II 0) and monkey No II 
exhibited similar mcreases (about 33 p c ) in Hb p c after several weeks’ 
exposure to low Og-pressure yet rabbit No II tolerated the change 
better than any other animal tested whilst monkey No II was the least 
^ble to Withstand it, exhibitmg great weakness 

As was proved before with rabbits (i) mcrease of Hb p c , when it 
did occur, produced no improvement m tissue Og-tension under low 
Og'pressure m the air Thus cat No I showed an mcrease of nearly 
p c m Hb p c and of 32 p c m red cells whilst cats Nos III and IV 
showed much smaller changes, yet in aU three cats the changes m tissue 
Oj-tensions were much the same under very low Og-pressure (see Table 
^ 1) What then was the value of the mcrease m P[b p c ^ Obviously 
it allowed the blood to carry more Og per c c and this m itself would 
^lieve the vital organs, heart, etc , m their efforts to supply the necessary 
cat No I was defimtely more resistant than cats Nos III and IV 
t was obvious that the absolute value of Og-tension m the tissues did 
^ot decide the issue since all three cats had the same Og-tensions m the 
iics (see Table VI) It is suggested that the decidmg factor was the 
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ability of the heart of cat JTo I to continue to function under the Iott 
O g-pressuxe, undoubtedly in this case the extra Hb was of value 

Haldane (9) pointed out some years ago that acclimatisation often 
occurs rapidly and long before there is any change either in Hb or in 
certain other factors often credited with much importance Somer- 
veil ( 10 ) found that some native porters with low values of Hb p c were 
more eflB.cient at high altitudes than European members of the expe- 
dition with much higher Hb p c Agam if we take loss of weight as an 
mdicator of the powers of acclimatisation to low 02 -pressure we shall 
see that changes m Hb p c had no connection with acclimatisation, 
thus m SIX rabbits the losses of weight m percentages were 13, 14, 19, 
30, 30 and 32 respectively whilst the percentage mcreases m Hb p c were 
33, 22, 50, 50, 34 and 71 respectively AH the evidence thus suggests 
that mcrease of Hb p c is merely a consequence or symptom connected 
with prolonged exposure to low 02 -pressure and although of value was 
not the factor mvanably controlling acclimatisatiorL 

Barcroft(ii) has reviewed the evidence regarding the adverse effects 
of low 02-pressure upon the efficiency of the heart That the heart was 
the chief organ concerned m the power of the body to tolerate verj 
low 02 -pressure m my experiments was evident from post-mortem ex- 
ammation of the organs of 2 cats, 1 rabbit, 7 cavies and 6 mice Nerve 
cells were but little changed from normal The heart m all cases 
showed defimte evidence of failure, bemg dilated, flabby and exhibiting 
m varying degree a degeneration similar to the fatty change descnbed 
for cavies by Kosin(i2) Degenerative and necrotic changes m the liver 
and kidney mdicated lessened circulation due to heart failure, as did 
the general state of marked congestion of the organs Why the heart 
m some animals was more efficient under low 02 -pressure was not 
obvious, none of the present theories of acclimatisation solved the 
problem, some inherent quahty of the muscle fibre must be searched for 
An mterestmg change was observed perhaps mdicating a physio- 
logical adaptation, the tunica musculans of the branches of the pul- 
monary artery were markedly hypertrophied (see Fig 5) m the cats, 
also the plam muscle fibre m the mteralveolar septa was greatly 
mcreased The condition was not observed in normal cats but it was 
noted m a cat suffering from Og-deficiency due to broncho -pneumonia 
It IS possible that the change represented an adaptation to mcreased 
pressure m the pulmonary circulation due to inefficiency of the left 
ventncle, or perhaps the mcrease of muscular tissue aided the onward 
flow of blood through the lungs by rhythmical contraction I\Tiatever 
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the explanation it was evident that tissue reproduction could occur at 
Terr low O^-tensioBS 




Fig oju 


Fig 5 B 




5 (A) Transverce section of branch of pnlmona^ arterv of cat Xo III shomng 
hvpprtrophv oi tomca musculans after exposure to Iotv O* pressure, H, and E 


xl25 


(B) Transverse section of similar arterv from a normal cat H, and E, x Iflo 


Acdmafimtion to increased Oo'pressure Lorraine Smitli{i3) and 
others (14) have proved that animals die from a type of pneumonia if 
suddenlv exposed for any length of time to 02-pres5ure at or above 
■190 mm, Hg (70 p c of an atmosphere) I (i) found that rabbits survived 
'^ery prolonged exposures to somewhat lower pressures, namely 420 miri 
Hg (60 pc of au atmosphere) About the same trme Barach(i5) ob- 
tained similar resnlts with rabbits In the present experiments it was 
proved that monkevs, cavies, rats and mice also tolerated 02 -pressure 
Jit 420 mm for prolonged periods without great loss of weight 
(Table IX) Monkey Xo I, one of the rats and five of the mice gamed 
ih weight , but one of the rats and one of the cavies lost considerable 
height Most of the above animals showed no great loss of appetite 
a stnkuig difierence was observed with cats, they did not appear 
to tolerate O^-pressure at 300 mm, Hg (about 40 p c of an atmosphere), 
losmg their appetites and becoming exceedingly sleepy , the loss of weight 
great (see Table IX) but apart from general weakness and drowsmess 
there was no obvious svmptom, body temperature was normal until the 
Oj-consmnption had fallen greatlv, then the bodv temperature also fell 
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Table 12. Average figures for metabolism and rreight under increased 0, pressure. 


Exp 


Duration of 
exposure 

Oj consumed 
c c. per mixL per animal 

A 

Weight per animal 
gm 

ret 

No 

1 

AminBis 
Cavy No I 
„ No n 

to high 0, 
days 

69) 

59/ 

Under 
Normal high 0, 

13 6 10 2 

Alteration 

pa 

-24 4 

/ 

Under 
Normal bigh Oj 
( 850 670 

1 670 030 

Alteration 
pc 
-21 1 
- 00 

5 

Monkey No I 
„ No n 

29] 

29/ 

27 7 

23 0 

-16 9 

/2210 

ll985 

2220 

1890 

+ 0^4 
- 5*0 

4 

0 rats 

0 mice 

351 

36/ 

36 9* 

36 6* 

+ 19 

f 193 

t 26 8 

179 

30 7 

- 72 
+ 145 

t 

2 rabbits 

31 

28 7 

26 5 

- 73 

2875 

2625 

- 87 

2, 3 Cat No I 

No n 
„ No m 

18, 

27 [ 
isj 

29 7 

18 7 

-37 0 

,3050 

]3100 

'3220 

2300 

1570 

1570 

-24 6 
-49 3 
-612 


• Total C.C per mm for 6 rat« and 6 mic^ 
t Previous results, see reference (1) 


definitely , there was no infection m the blood and no obvious injury to 
the organs except the lungs which exhibited some collapse and con- 
gestion and the presence of a few catarrhal cells Although there was no 
definite evidence it might be conceived that some poison was formed 
by the action of the high 02 “pressure upon the lung epithehum and 
general poisoning resulted, the cats for some reason could not antagonise 
this '^poison so well as rabbits, rats, mice, monkeys and cavies Perhaps 
the diet was concerned The absolute values of the Og-tensions m the 
tissues (Figs 2 and 3) under mcreased Og-pressure in the air did not 
control the powers of toleration, since the tissue tensions were much 
higher m the monkeys and rabbits than m the cats, and yet the cats 
were so much more sensitive to the change 

The changes m Hb p c were no accurate gmde to the powers of 
acclimatisation to high Og-pressure as judged by general appearance, 
change m weight, etc Thus one of the mice showed scarcely any decrease 
m Hb p c yet its increase (26 p c ) m weight was greater than that of 
any other mouse or any other animal tested Changes m Hb p c under 
mcreased O^-pressure were possible consequences and not the essential 
factor controlhng acchmatisatiou Acclimatisation to high 02’pres3Uie 
m the air is due to the tissues becoming accustomed to the effects of 
the abnormally high O^-tension m their immediate environment, even 
when the Hh was greatly decreased m the rabbits and the monkeys the 
O^-tensions were still abnormally high (see Tables EU and WI and also 
previous results (i)) 
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Stoduby 

1 Some mammals — rabbits, rats and mice — after a certain degree 
of acclimatisatioii can exist m a decompression chamber for at least 
7 days nnder contmnons exposure to low Oo-pressnre eqniTalent to that 
at the top of iloimt Everest, the animals exhibited some activity but 
irere detenoratmg rapidly Cats, a monkey and cavies tested could not 
tolerate such a low Oo-pressure for such a tune 

2 Unlike most animals cats could not tolerate prolonged exposure 
to high Oo-pressure at 420 to in Hg (about 60 p c of an atmosphere) 
They lost appetite and deteriorated rapidlv, general weakness being the 
onlv obvious change and a general poisoning being suspected , it is sug- 
gested that the poison is formed in the lungs although the lungs showed 
only some collapse and congestion 

3 Decrease of Bb p c and of red cells occurs as a rule under ex- 
posure to mcreased Oo-pressnre m the air with normal barometric 
pressure, in monkeys, rabbits, rats, cavies and naice, but was not observed 
lu auv of the cats tested The general role that Hb p c decreases as 
the Oj-pressure m the air increases and vice lersa is thus established 
It IS possible to produce nearly three-fold variations m the Bd) p c and 

cells bv alteration m Og-pressure m the air Any change produced 
hv altered 0 2 'pressuie m the air passes ofi again, after a few weeks’ 
^^osore to normal Oo-pressure 

k Changes m Bb p c are not essential to acchmatisation to changes 
lu 0o-pres5ure m the air and should be regarded only as possible conse- 
quences, they are of value to the heart when they do occur, at least 
ander low Oo-pressure 

5 Contrary to prevailing views acclimatisation to lowered O 2 - 
pressure m the air is not due to improvement m tissue 02 -tension, what 
^llv occurs IS that the tissues become accustomed to the low O^-tension 
ai their immediate environment Eapid acchmatisatiou is due to the 
ability of the vital organs particularly the heart, to continue to function 
^der a low 02-ten5ion, m all animals aSected by low Oo-pressure heart 
failure was the most constant phenomenom 

6 Acchmatisahon to mcreased O^-pressure in the air is due chiefly 
^ the tissues becoming accustomed to the efiects of an abnormally high 

2 -tension in their immediate environment, tissue O^-tension is not 
i^educed to normal 

i An hypertrophy of the tunica musculans of the branches of the 
P onary artery was observed under exposure to low Oo-pressure 
^ i.xm 


23 
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performance of the above experiments Thanks are also due to Capt 
S R Douglas and Dr P P Laidlaw for advice re the pathological 
changes, and to Messrs P Thatcher and G Probeut, the Engineers 
who attended day and mght to the decompression chamber at Messrs 
Siebe Gorman’s 
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THE HYDROGEN-ION CONCENTRATION OF BLOOD 
CORPUSCLES By HAROLD TAYLOR 

{From the Physiological Laboratory, Cambridge ) 


Some work has been done previously (Taylor(25)) on the possibility of 
using the Donnan membrane equilibrium as a means of mvestigatmg 
the ions inside the blood corpuscles The determinations m those cases 
were done at room temperature and very few precautions taken agamst 
loss of CO 2 , and on the whole the results were of more qualitative than 
quantitative importance It was also desirable that the quantity of 
blood used should be not more than 30 c c so that one subject could 
supply the blood for the whole determmations The determination of 
the hydrogen-ion concentrations by means of an electrometric method 
would then give a true electrometnc measure of the hydrogen-ion con- 
centration inside the corpuscle 


Previous Determinations 


The prelumnary work of Hasselbalch and LundsgaardciS), 
Konikoff(i7), and Milroy(2i) aU pomts to the corpuscles bemg more 
acid than the serum Barcroft, Bock, Hill, Parsons, Parsons and 
Shoji{i) conclude from the oxygen dissociation curves of difierent 
bloods that the pH of the corpuscles is probably different from the pH 
of the serum 


Calculations of the pH of the corpuscles usmg the equations of 
Hendersonu-i) and Hasselbalch(i 2 ) have been made by Campbell 
and Poulton(2) from the data given by Joffe and Poulton(i6), 
Friedericia(iO), WarburgCSO), and Van Slyke, Wu and McLean(28) 
Van Slyke, Hastings, Murray and Sendroy(27) as weU as War- 
bur g(30) have made electrometnc measurements on hsemolysed cor- 
puscles Conway and Stephens(4) have apphed the colonmetnc 
method of Dale and E vans(6) to the case of hsemolysed corpuscles 
With the exception of Parson8(23) the whole of the mvestigators 
uud that either hsemolysed blood or heemolysed corpuscles are more acid 
than the serum or whole blood The quantitative values are very 
^ oubtful as m no case has a true activity measurement been made on 
oxygenated corpuscles, as this can only be obtamed by a wholly electro- 
loetnc method. 


23—2 
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The calculations from the Hasselbalch-Henderson equation are un- 
rehable, owmg to the uncertainty of the value of the constant ^K', and 
the possibihty of this factor not being a constant Electrometrio measure- 
ments, where the hydrogen electrode is placed m hsemolysed corpuscles, 
are probably erroneous owing to the high protein concentration and the 
difficulty of removing the last traces of oxygen 


Theory op Method 


The theory of the method has been given previously (Taylor (25)) 
It IS m practice an extension of the dialysis-colonmetnc method of 
Dale and Evans (5), usmg hsemolysed corpuscles and measuring the 
hydrogen-ion concentration electrometrically 


Donnan(7) has shown that if there is an mdiffusible ion on one side 
of a membrane m the presence of diffusible ions, an unequal distnbution 
of diffusible ions will take place on the two sides of the membrane 
This unequal distribution of diffusible ions will cause an electrical 
potential difference to be set up between the two sides of the membrane, 
and the magmtude of the potential difference depends upon the con 
centrations of the diffusible ions Loeb(i8, 19) has apphed Donnan^s 
formulse to the case of protem solutions, and found that they would 
apply to the hydrogen and chlorme ions A V Hill(i5) has pomted 
out that Dorman’s formula will hold for any equihbrium which mi olves 
an unequal distribution of ions, and suggests the possibihty of the use 
of the membrane potential as a means of analysmg complex solutions 
For the hydrogen ions the formula wdl be 

[H L 
nF [H i 


r. ^ 

log. 


Adopting Sorensen’s notation we can substitute pH for — logjo P ] 
and we get, mtroducmg numerical values for i2, n and ^ 

= 0 00019837 T [pHg - pHJ volts 

This gives the relationship between the pH’s on both sides of the mem- 
brane The sign of the potential difference wiU depend upon whether 
the mdiffusible ion is an amon or a cation The sign of the potential 
difference can be shown to be related to the sign of the charge on the 
protem ion m such a way that the side containing the mdiffusible ion 
IS positive when that ion is a cation and negative when it is an amon 
(Michaelis(20)) 

This can then be apphed to the case of blood corpuscles if e 
protem solution is heemolysed blood corpuscles and the potentol di er- 
ence measured between them and a crystalloid solution m diffusion 
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eqmlibnimi’^ 'with, them across a collodion, membrane, the hydrogen-ion 
activity of the corpuscles can be calculated from the hydrogen-ion 
activity of the crystalloid solutioru This 'will apply equally 'well for 
oxygenated as reduced corpuscles As the measurements of the pH and 
the membrane v n axe electrometric, the results obtamed 'woU represent 
true activities 

The membrane potential is measured by means of two saturated 
KCl calomel electrodes, one on each side of the membrane, with saturated 
KCl as the contact fluid The cell employed is as follows 


Sattirated 

Ka 

caiomel 

fJectrode 

( 1 

Sattirated 

Laked 

corpTxflcles 

CoUo 

1 dion 
mem 
brane 1 

1 

Dilute 1 
1 solution 
ot bicar I 
bonate | 
and 

chlonde 

i Saturated 

KCl 

1 Saturated 

1 KCl 

1 calomel 
electrode 

1 

1 " 


^ To: 

C 

potention] 

1 

.eter 

1 J 

1 


The only potential difference measure wiU be that at the membrane C, 
as 'With saturated KCl as contact flmd the boundary potentials at 
and are ml, whilst the potential differences at and Ag cancel each 
other as they are both of the same magmtude A^ and A^ are rarely 
equal m practice, but the difference between them can be estimated 
and the necessary correction made 

The above theory assumes that heemolysis makes no difference to 
the reaction of the corpuscles If the corpuscles are laked by free 2 ang 
them and thawing them it is nnbkely that the hydxogen-ion concen- 
tration mil be changed, as this method of lakmg does not involve the 
introduction of any other body 


The hydkogen-ion activity of human blood coepuscles 

To prevent a large dilution of the corpuscles by the dialynmg fluid, 
it is necessary to have the volume of the heemolysed corpuscles large 
compared with the volume of the dialysate To do this it is necessary 
to place the dialysate m a collodion thimble and suspend this m the 
hsmolysed corpuscles as by this means the ratio of corpuscles to dialysate 
can be made large mdefimtely This means that the osmotic pressure 
01 the protem wdl tend to cause the membrane to collapse, but it is 
membranes made as described later 'will hold until 
^huusion equilibnum has been set up If the corpuscles are placed inside 
a collodion thimble it is found that the least practicable volume of 
^lysate m which they can be suspended is far too large 
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In the earher experiments with sheep blood the volume of the blood 
used was of the order of 160 c c , which gave approximately 50 c c of 
haemolysed corpuscles In these cases the membrane potential measured 
with hquid contacts was qmte stable, the diffusion mto the corpuscles 
and the dialysate (about 9 c c ) bemg neghgible In order to carry out 
the experiments on human blood the amounts of blood and dialysate 
taken each time have to be reduced to 25 c c and 1 c c respectively 
It IS found that the diffusion of the KOI from the electrodes in this case 
IS suffi-Cient to cause unstable readmgs This has been remedied by 
usmg agar contacts on the calomel electrodes, the agar bemg dissolved 
m saturated KCl solution The agar contacts do not alter the measure 
ments of the membrane potential, and show no sign of diffusion of the 
KCl, as IS shown by leavmg them m distilled water for two days, when 
the water gives only a famt cloudmess with silver mtrate solution 

In the actual experiment the hydrogen-COg mixture for the hydrogen 
electrode is made up first and analysed m a Haldane apparatus Enough 
of the mixture is made to allow a hydrogen electrode measurement to 
be made on both the serum and the dialysate The mixture is made up 
approximately to the required concentration and the exact composition 
determined by analysis 

Between 25 c c and 30 c c of blood are taken from the arm by a 
hypodermic syrmge and defibnnated by whipping with a feather The 
blood IS then filtered through glass wool To prevent the formation of 
lactic acid durmg the experiment 03cc ofalpc sodium fluonde 
solution are added This amount of fluonde is suf&cient to keep the pH 
of a sample of blood constant for 6 to 6 hours at 37 5° 

The blood is equihbrated with CO 2 m two Barcroft tonometers, 
whose volumes are each shghtly more than 300 c c The tonometers 
are filled at room temperature and the COg run m from a burette The 
amount of CO 2 added is such that it will give the same CO 2 pressure as 
present m the hydrogen mixture, when the tonometer is heated to 37 5 

The blood la then equihbrated with the COg by revolving the tono- 
meters for half-an-hour m a water bath at 37 5° The amount of oxygen 
present is always sufidcient to oxygenate fuUy the hasmoglobm After 
equdibration the blood is centrifuged under a layer of paraffin ^e 
centrifuge is surrounded by a thermostat and is heated for a considera e 
time before use to bring it to the correct temperature The metal cap 
and the glass tube containing the paraffin are also heated before t e 
blood is transferred mto them Ajs the tonometers have been fille n 
room temperature there is always an excess pressure m them, whic is 
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sufficient to dnve out all the blood on turning the tonometer tap The 
blood IS transferred from the tonometer to underneath the paraffin 
without loss of COg 

After centrifuging for half-an-hour the separation of corpuscles and 
serum is as complete as possible with a centrifuge which runs at 4000 
revolutioiis per mmute The separation is almost absolute > but the 
hsematocnte value is never quite reached The error due to this small 
amount of serum remaining is certainly much less than 0 01 which 
would be the error if the corpuscles were not buffered by the hsemo- 
globiu 

The serum is then drawn off from above the corpuscles and both 
corpuscles and serum treated as separate phases The separated cor- 
puscles are laked by freezmg them and subsequently thawmg them 
The freezmg is done m a small flask which is revolved m a freezing 
mixture of ice and salt The freezmg is continued until the corpuscles 
have the appearance of a dull pale red mass They are then thawed by 
unmetsing the flask m water, the temperature of which is not more 
than 37 5° The hqmd obtamed should he quite clear and if not the 
whole must he re-frozen 

The shaking during the freezmg and the thawmg causes a loss of 
COg from the corpuscles which has to be restored. This is done by 
re-eqxnhhratmg them m a Barcioft tonometer with the COg pressure 
iised ongmally 

The laked corpuscles are then dialysed against a crystalloid solu- 
tion, For human blood the solution placed m the collodion tube is 
0 9 y NjlO KCl and 0 1 x Nj\0 NaHCOg, which has been equilibrated 
^th the required COg pressure to accelerate the equdibnum The 
volume of the corpuscles is generally about 7 c c to 8 c c and the 
collodion membrane contains 1 c c of the crystalloid solution The 
collodion membranes are made on the outside of a small tube, with a 
bole blown m the end, the method bemg similar to that used by 
S6rensen(24) The collodion is made m a 5 p c solution, the solvent 
being p c alcohol and 25 p c ether (by volume) The membrane is 
made m three coats and then allowed to dry for hours before im- 
mersmg m water 

Dunng the dialysis the corpuscles and dialysate are placed under a 
^rge bellqar m winch the necessary COg pressure has been set up, and 
^ c whole IS placed m an air bath at 37 5^" The electrodes, membrane 
^th crystalloid solution and tube to contam the corpuscles are placed 
m the bell-jar first and the whole heated to 37 5°, and the necessary 
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CO 2 pressure set up The corpuscles are then transferred from the tono- 
meter to the dialysing apparatus through a tube with a tap in the side 
of the bell“]ar The excess pressure m the tonometer is always sufficient 
to empty the tonometer on openmg the tap In this way there is no 
loss of COg or any cooling dunng the transference 

As the ends of the electrodes are blocked with agar the electrode 
contacts can be left m the dialysmg apparatus throughout the dialysis 
and the potential difference measured contmuaUy without disturbing 
the bell-jar 

The dialysis is allowed to continue until the potential difference 
across the membrane becomes constant This generally is attamed in 
about 3| hours, but vanes shghtly m different expenments The dialysis 
IS continued until the potential difference is constant over half-an-hoar, 
which IS taken as mdicating that diffusion equibbrium has been attamed 
Any differences m the electrodes are measured by placing both m the 
same solution 

Equihbnum havmg been set up the bell-jar is quickly removed and 
the collodion sack containing the dialysate immediately removed from 
the laked corpuscles The of the dialysate is then found by a hydrogen 
electrode, the hydrogen containing the same CO 2 pressure as the dialysate 
and the corpuscles The hydrogen electrode is kept m a water bath at 
37 5° and the measurements made against a calomel electrode saturated 
with KCl at 37 5® The hydrogen electrode used is similar to the one 
descnbed by Parsons (23), and a potentiometer graduated to 0 1 milli- 
volt is used to measure both the electrode potentials and the membrane 
potentials 

The hydrogen-ion concentration of the corpuscles is calculated from 
the formula 

^ = 0 00019837 T [pH (dialysate) — pH (corpuscles)] volts, 

where E = potential difference and T = absolute temperature As all 
the measurements are electrometno the pH obtamed is a true measure 
of the activity of the hydrogen-ion 

The pH of the separated serum is also found by the same electrode, 
usmg the same hydrogen- COg mixture 

Hesults 

The results obtamed for human blood are given m the foUowmg 
table The potential of the hydrogen electrode m each case has been 
corrected to 760 mm of hydrogen 



K-IONS IN CORPUSCLES 


349 


Table L 


\o. of Eip 1234567 89 10 

Pres!:ireofCOj 43^ U5 62 47 17 5 20-5 35 18 60 27 49 

(hicm.) 


Hcibrane potential 
dulv^te positrre 
(nnl&rolts) 

5U 

4-6 

37 

29 

31 

3*6 

48 

48 

15 

2*0 

22 

jH cf serum 

733 

7 70 

7 26 

733 

755 

754 

7*44 

759 

7 20 

7 51 

729 

fff of {iiaIyS3t/» 

722 

754 

7*01 

711 

7*43 

730 

7 27 

750 

7-03 

723 

712 

of corpuscles 
cHfcarjTC^tt) 
cH ('dum) 

714 

7*47 

6*95 

7*06 

7 38 

7 24 

719 

7*42 

7*00 

719 

7*08 

155 

170 

2U1 

186 1*48 

Human blood 

200 

176 

1*48 

182 

2-09 

1-62 


The potential of the hydrogen electrode has been measured against 
a saturated KCl calomel electrode 'vrhich has been checked by a bnfier 
solution which is A^/10 for both sodium acetate and acetic aci(L The 
potential difference between a hydrogen electrode m a solution normal 
to hydrogen-ions and a standard saturated KCl, calomel cell has been 
taken as 235 2 millivolts at 37 5° QIichaelis(20)) 

The graphs (Fig 1) give the variation of the pK of the corpuscles 
^th varying COg pressures, and also the pH of the separated serum 



fCOt mm 
Fig 1 
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Tee hydeogen-ion activity of goose coepusoles 

The corpuscles of man and aU mammals are non-nucleated except 
when newly formed, and very few nucleated corpuscles are present m 
the blood On the other hand, the corpuscles of various cold-blooded 
animals and of birds possess defimte nuclei dunng the whole of their 
hfe-time m the blood It is qmte possible that this nucleus plays some 
part m the buffermg of the blood and the relationship between the 
corpuscles and the plasma may be totally different for the non-nucleate^ 
corpuscles In this case the curves relatmg the ^H7s of the corpuscles 
and serum with the COg pressure may differ m shape from those of 
human blood 

It was proposed to determme the pH of the corpuscles of a bird^s 
blood over a range of COg pressures and compare the results obtamed 
with the results obtamed on human blood There is a possibdity that 
some idea of the functions of the nucleus may be obtamed 

The bud used for these experiments was a goose, which, being a 
fauly large bud can be bled from time to time to the extent of 26 c c 
The blood volume of a goose is large compared to the body weight and 
the bird itself is easdy kept and does not require any special attention 
to keep it m good condition 

The nucleated corpuscles are defimtely hvmg cells, and have a very 
appreciable respiration rate Oxygenated corpuscles lose then oxygen 
on standmg and become more acid due to the correspondmg production 
of COg In the pH deter min ations this auto-oxidation had to be pre- 
vented by means of a small amount of KCH 

The blood is extracted from the goose by inserting a hypodermic 
needle mto one of the veins of the wmg m the same way as is done 
for human blood The underside of the wmg is comparatively free from 
feathers and is covered only by a layer of down, which can be plucked 
off easily The akm can be exposed for a considerable distance and the 
vems are easily discermble The largest vem is one about imdway be 
tween the jomt m the middle of the wmg and the body of the bud, the 
vem showmg up very well as it passes over the bone The vem when 
punctured is very hable to collapse, and the blood can be obtamed only 
by blockmg the vem beyond the pomt where the needle has been in- 
serted Owmg to the arrangement of the bones a tourniquet is not very 
effective and the best method of blockmg the vem is to pmch it by 
hand To get a clearer view of the vems and also an mcreased venous 
pressure the goose is always turned on its back In many cases the 
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constnction of tie vems is so effective that only a fevr c c of blood can 
be obtamei 

The blood is treated 'witb 03cc of2pc sodinin flnonde solution 
aad a smular amount of 2 p c potassium cyanide solution, and tben 
defibnnated by Trbipping The clot tends to break up into small pieces 
and it IS always necessary to strain the blood tbrough glass wool 

The remainder of tbe treatment is identical with the treatment m 
the case of human blood except the temperature is 42°, which is the 
body temperature of the goose TMien the blood is centrifuged a better 
separation of corpuscles and serum is obtained than m the case of 
human blood 

0 Warburg (31) has shown that when birds’ corpuscles are frozen 
and thawed at a temperature of not more than 42°, the nuclei xemam 
mtact The presence of the nuclei can be demonstrated easily under 
the microscope The nucleated corpuscles seem to be reversibly haemo- 
Irsed as is the case with ma mm alian blood It is mteresting to note that 
on the addition of salt solution the corpuscles apparently re-form round 
the nuclen 

The same crystalloid solution is used in the coUodion tube during 
dialysis as m the case of human blood smee the base is mostly potassium 
Tho hydrogen-ion concentrations of the serum and the dialysatc are 
fonnd by the hydrogen electrode working at 42°, the calomel cell being 

saturated with "kCI at 42 ° 

The pH of the goose corpuscles is then calculated from the formula 
previously, which becomes at 42° 

E = 00625 [pH (dialvsate) — pH (corpuscles)] volts 


Results 

The results are given m the following table The hydrogen electrode 
^slnes have been corrected to 760 mm of hydrogem The value for the 
potential difference between a saturated KCl calomel electrode at 42° 
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and a solution normal for hydrogen ions at that temperature has been 
taken as 233 0 milhvolts Michaehs’ values (20) do not go beyond 38® 
and this value has been obtamed by extrapolation Owing to the 
accidental death of the first goose, two geese have been used to obtain 
the curve (Pig 2) 



Fig 2 

Discussion of hesults 

The graphs given show the variation of the jyS's of the corpuscles 
and the serum over the physiological range of COg pressures The cor- 
pUBcIes are definitely more acid than the serum during the whole of the 
physiological range In the case of both human and goose blood the 
difierence of pH between the serum and the corpuscles does not become 
less as the serum becomes more acid, but if anyth mg mcreases slightly 
Campbell and Poulton(2), Priedericia(iO) and Van Slyke, Wu and 
McLean (26) found that the difference m pH between the corpuscles 
and the serum decreased as the blood became more acid In all these 
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cases tie Hasselbalci-Henderson equation lias been used Van Sly ke, 
Hastings, iltLxray and Sendroy(26) using electrometric measnie- 
meats on reduced corpuscles find that tbe difierence decreases sbglitly 
as the serum becomes more acid 

The equifibnum at the corpuscular membrane os treated m the dis- 
cussions of V'axbuxg^) and Van Slyke, VTu and iloLean^-^i as a 
kmd of Donnau equikbnum and the relataonslups urorked out as m the 
case of one indifinable ion It is almost certain however, as shovm by 
the work of Hamburger (ii), Doisy and Eaton(6), Ege(S), that the 
corpuscular membrane is permeable to anions, but not to cations 
Therefore inside the corpuscle there are mdifiusible cations besides the 
mdiEusible protein amon, whilst outside the corpuscles are mdifiusible 
cations WuiS2> points out that the osmotic stability of the corpuscles 
depends upon, the mdifiusibility of the cations It is quite logical to 
rrorfc out a Donnan eqxuhbnum arrangement depending upon the m- 
difiusibihty of the cations mdependent of the htemoglobm Consequently 
the equihbnum at the corpuscular membrane will be of a complex type 
dependmg upon the mdifiusible protem anion and the mdifiusible cations 
the corpuscle and the mdifinsible cations m the plasma, and 
perhaps the plasma proteins In this case the formnlcB for a Borman 
cquilibnnm of one mdifiusible ion may not hold Thus it is qmte possible 
that even if the ratio of chlonde ions across the corpuscular membrane 
approaches unity with mcreasmg acidity, the hydEogemions will not 
tend to equahse The simple Donnan ratio 

[E ] (coipTi5cles)_ [Cin senun 
[E ] ^E^rtua) ~IC11 corpiiscles 

inav therefore be erroneous 

The Hasselbalch'Henderson equation is used m the calculation for 
the blood corpuscles m the form 

where Bik is the bicarbonate concentration and K.' a constant com- 
prising the constants of the reaction and the actmtv coefficients It is 
quite possible m the corpuscles that pK' does not keep constant owing 
to the change m the composition of the protem phase with the changing 
Northrop and Kunitz(22i have pointed out that the protem 
pha^e has a greater eS^ on the activity coeffiaent of the cations than 
^ the amons, and hence more effect on the hydrogen than on the 
bicarbonate ions 

If the Hasselbalch-Henderson equation holds for the corpuscles as 
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for the sertun, the gradual di mi n ution of the difference of between 
corpuscles and serum follows from the values obtained for the 00, 
contents In the case of the calculations of Van Sljke, Wu, and 
McLean(26) where the concentrations have been worked out per 
1000 grm of water m the protem phase, the same pKf is used for the 
corpuscles as for the serum, and the ratio 

[H ] corpuflcleg [HCOaT serum 
[H ] serum [HCO/J corpuscles 

must hold if their concentrations are true activity measures This view 
IS modified m the paper of Van Slyke, Hastings, Murray and 
Sendroy (2T) The error m calculatmg the crystalloid ions per 1000 grm 
of water present is that the protem phase contains an unknown amount 
of water, and this amount may change as the pR changes, owing to 
changes in ionisation of the protem 

A few calculations of the pK/ m certam experiments have been 
made m the present experiments and a pK' of approximately 6 00 
obtamed, whilst Van Slyke, Wu and McLean{26) use 617 Van 
Slyke, Hastings, Murray and Sendroy(27) however obtam 5 97 by 
electrometnc measurements on horse corpuscles The expenments with 
corpuscles usmg both the constant pressure and the constant volume 
apparatus of Van Slyke (28, 29) have not been very satisfactory as 
when acid is added to blood corpuscles a large amount of sohd matter 
IS deposited which makes the meniscus difficult to read and which also 
chngs to the side of the apparatus, altermg its volume The Baxcroft 
apparatus where the measurements are done away from the reacting 
substances seems to give the best results m the case of corpuscles 

As the difference m pH between the corpuscles and the serum does 
not dimmish as the serum becomes more acid, pK' of the Hasselbalch- 
Henderson equation cannot be a constant The pH’s of the corpuscles 
calculated from the equation are therefore erroneous 

The fact that the pH’s of the serum and the corpuscles do not 
approximate to the same value near the isoelectric pomt of haemoglobin 
is another proof of the mipermeabihty of the corpuscular wall to cations 
In general the results given here show that the corpuscles and serum 
do not have the same reaction at any pomt, not even as the isoelectric 
pomt of the haemoglobm is approached The corpuscles seem to buSer 
the plasma at the expense of themselves This is quite reasonable from 
a physiological standpoint as the cells in the body are in contact with 
the plasma and not the corpuscles 

In the case of goose blood there is a possibihty that an interchange 
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of ions takes place between tbe nuclei and tbe cytoplasm of tbe cells 
This exchange must be small if it takes place, or tbe yH of tbe corpuscles 
would vary in a very difierent manner from non-nucleated corpuscles 
The hydrogen ion concentration of tbe nucleated goose corpuscles is just 
as dependent upon tbe external conditions as is tbe case with non- 
nucleated corpuscles Tbe functions of tbe nuclei are not clear but do 
not seem to be of mucb effect m tbe utilisation of oxygen and tbe 
expiration of CO 2 by tbe animal 

The addition of cyanide to tbe blood may affect tbe nuclei of tbe 
corpuscles m sucb a way tbat tbeir functions are destroyed entirely, 
and the corpuscles become tbe same m properties as non-nucleated 
corpuscles This is unlikely, but must be recognised as a possibdity 
when discussing the results 


SUHXIABY 

(1) A method is given of obtaining the true electrometric activity 
of the hydrogen-ions m oxygenated blood corpuscles 

(2) In human blood tbe corpuscles are considerably more acid tban 
ffie serum over tbe whole of tbe physiological range Tbe pH of tbe 
corpuscles vanes from 7 47 to 6 95 whilst tbe pH of tbe corresponding 
serum vanes from 7 70 to 7 26 

(3) Tbe bydrogen-ion activity of goose blood corpuscles has been 
^etennmed. The pH of the corpuscles vanes from 7 59 to 7 08, whilst 
the pH of the corresponding serum vanes from 7 84 to 7 37 

(4) At the same CO^ pressure goose blood appears to be sbghtly 
^ore alkaline than the human blood. 

(5) The similantv between the shapes of tbe curves for goose blood 
find human blood mdicate tbat the buffenng mechanism is tbe same 
^ both cases The nuclei of the bird’s corpuscles do not seem to have 
^nch effect upon the buffering of the blood- 

Mv be=t thanks are dne to th*- Hemoglobin Committee of the Medical Pesearch 
for grants which have made the wort possible, and also to ProL Barcrof t under 
5np»^rvit|on the work hws been earned out 
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THE EFFECT UPON THE THRESHOLD FOR NERVOUS 
EXCITATION OF THE LENGTH OF NERVE 
EXPOSED, AND THE ANGLE BETWEEN 
CURRENT AND NERVE 

By W A H AUTO'S {George Henry Lcices Student) 


(From the Physiological Laboratory, Cambridge ) 

The eeeect or rNTERPOLAii length upon nervous excitation 

Introduction It is veil knovn that the minimum current required 
to excite a nerve decreases vhen the distance between the electrodes is 
increased Various explanations have been proposed m the past, but 
Since most of the work vas done some fifty years ago, they are somewhat 
'Satisfactory from the present standpomt 

The general ideas of nervous activity then m vogue have smee been 
mo ed and made more precise by two conceptions m particular 

irst the work of Lucas and others distmguished between the two 
activity, “the local excitatory process,” and “the propagated 
ance The threshold for excitation was shown to depend upon 
P^ienomena, and the remoter parts of the nerve had no other 
c on the success or failure of a stimulus than sometimes to block the 
npagated disturbance which had already been mitiated 
electn^°'^'^' i°Hic hypothesis elucidated the nature of the passage of 
and ^ Hiedia such as those of which the tissues are composed, 

(■tr ° change which was brought about must occur 

the action of ions 

md apphed this concept to the problem of nervous excitabdity, 

^assnmmg that movement of ions per se could have no efiect, he was 
stinmJ ^ ^ membrane hypothesis Accordmg to this a 

''^hich^ ^ current acts only through the changes m lomc concentration 
nemhhA^ L about, and such changes can only occur m the 

Eomethmg which opposes the flow of ions, e o a 
«mj-permeahle membrane ^ 

further assumption that not only did the local 

concentrTf,!'”''"'® , concentration, but that this 

tion was always the hnutmg factor m excitation He therefore 
t'Sm 
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always kept fixed, and ^as the cathode The anode 'was movable The 
laterpolar length 'was read off directly from a scale (not shown in 
diagram) 



Fig 1 Apparatus for strength length determination. 


It was assumed that there 'was a uniform potential gradient in the 
fioid from one electrode to the other, and that each extrapolar region 
^ ^q^uipotential 

The currents used were constant currents lasting about 0002 sec , 
cnee the polarisation at the electrodes was not excessive Moreover, 
not cumulative, smee the electrodes were connected by a short 
between each observation, and hence would dissipate any charge 
ey might have acquired 

A frog’s sciatic-gastrocnemius preparation was used 
nerve was ligatured near the cord, and cut through central to the 
c^tme The preparation was then set up m the apparatus as described, 
about an hour to a'ttam a steady state 
ae duration of the current was controlled by a Lucas pendulum 
^ e strength by leading off from a low resistance potentiometer 'wire 
'^ere recorded usually differmg by 6 p c , the upper of 
caused a perceptible twitch of the muscle whilst the lower did not 
results are recorded graphically as the line ]oming the two pomts 
to these two strengths 

performed with the mterpolar length bemg made 
uaUy shorter, then it was repeated with the length mcreasmg, and 
y be first was agam repeated 


24—2 
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concluded that if the requisite concentration was attained, excitation 
would certainly occur (this assumption was modified a httle to account 
for the results of stimulation with currents of long duration) 

Nernst s theory is well supported by the results of stunulating a 
nerve with constant currents of various durationSj and with alternating 
currents of various frequencies Except when the tune mtervals are 
great, the value of the minimum exciting current hes very close to that 
calculated from the above assumptions 

The advantage of a theory such asNernst’sis obvious, for it allows 
a theoretical relation to be worked out m terms of the known properties 
of ions The assumptions, moreover, are simple and precise 

Smce Nernst was not concerned with changes m the position of the 
electrodes, it was unnecessary to make any assumptions as to the extent 
of membrane against which the ions had to be concentrated Eor the 
purpose of the present mvestigation, however, the foUowmg assumption 
ou this pomt will be made 

“Excitation will occur at any pomt m the membrane, when the lomc 
concentration at that pomt attains a certam value ” 

It IS the object of this paper to see to what extent Nernst^s theory 
is able to explam the variations of excitabihty consequent upon changes 
of mterpolar length 

Variation of threshold with interpolar length It has long been known 
that a current is more eflEcacious the longer the stretch of nerve it 
traverses This is entirely confirmed by the foUowmg observations, 
which are m complete agreement with the older work, and have the 
advantage that they were obtamed by a method which avoids any 
mampulation of the nerve durmg the experiment 

Apparatus An ebomte trough filled with Rmger’s fluid was used, of 
the fofiowmg construction (Fig 1) 

The trough was deep at one end to hold the muscle, and a cork was 
provided to receive the pm through the knee This deep part was 3 cm 
m length The rest of the trough, 6 cm m length, was shallower by 
about the thickness of the knee, so that the upper surface of the knee 
was just above the floor of the shallow part The centre of this floor was 
grooved by a longitudmal slot, of such a size that it would just easily 
contam the nerve When the preparation was set up, therefore, the 
nerve lay m the groove and passed horizontally to the knee, and t e 
muscle lay below m the deep part of the trough 

The electrodes were plane vertical plates of bright silver, whic 
fitted exactly the section of the trough The plate near the muscle vas 
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always kept fixed, and tlie catliode The anode yras movable The 
mterpolar length was read ofi[ directly from a scale (not shown in 
diBgram) 



Fig 1 Apparatus for strengtli length determination 


It was assumed that there was a nniform potential gradient m the 
fi^d from one electrode to the other, and that each extrapolar region 
^as eqmpotentiaL 

The currents used were constant currents lasting about 0002 sec , 
-ace the polarisation at the electrodes was not excessive Moreover, 
^as not cumulative, smce the electrodes were connected by a short 
cneuit between each observation, and hence would dissipate any charge 
cv might have acc[uired 

Experiment A frog’s sciatic-gastrocneinius preparation was used 
c nerve was ligatured near the cord, and cut through central to the 
^ ture The preparation was then set up m the apparatus as described, 
left for about an hour to attam a steady state 
The duration of the current was controlled by a Lucas pendulum 
ne strength by leading ofi from a low resistance potentiometer wore 
, ^ '^cre recorded usually difienng by 5 p c , the upper of 

caused a perceptible twiteh of the muscle whilst the lower did not 
^ ^ results are recorded graphically as the hne joining the two pomts 
to these two strengths 

, ^ ^^eniaent was performed with the mterpolar length being made 
I shorter, then it was repeated with the length mcreasmg, and 
7 fhe first was agam repeated 
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If tliese three did not on the whole agree to 10 p c , they were all 
rejected without any further analysis In the other event all three were 
accepted and no further rejection was done As a matter of fact the 
apparatus was found rehable, and after the techmque had been acquired 
no rejections were necessary 

Results It was found that the longer the mterpolar length the more 
excitable the nerve up to a pomt, but that after 20 mm , an mcrease to 
40 mm had no further favourable effect 

Taking the strength of this lower limit as two units (for reasons 
which wiU appear later), the relation between length and threshold is 
fairly constant from nerve to nerve, and if we plot the threshold m these 
units against the length m arbitrary units which differ slightly from 
nerve to nerve, the results of all the experiments can be made to he on 
the same curve (Fig 2) 



Significance of strength-length relation If the meffectiveness o e 
current flowmg through a short length is to be explained m terms o 
lomc movement, there are two possibihties 
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(1) The electric field must be inadequate to concentrate the ions 
much Arhen the length, is short 

(2) The back diffusion must be too great to allow of much con- 
centration 

These two cases are not mutually exclusive, and that the second 
certainly is m operation is seen from the effect of mterpolar length upon 
the chronaxie 

It has been shown by many workers m France (2) that the chronaxie 
becomes less as the mterpolar length is diminished, and this is confirmed 
by one or two experiments with the above apparatus, where it was found 
that the strength-length curve was to some extent changed when the 
duration of current flow was altered It is impossible, however, to 
estimate whether the alteration of back diffusion is sufficient to account 
for the change m threshold unless a definite conception of the exact 


movement of ions is assumed If, however, it is assumed that the 
change of threshold is mainly dependent upon changes m the electric 
field, this assumption may be given a plausible basis, and be made to 
yield a quantitative explanation 

Dependence of dednc field upon mterpolar length Hermann(3) and 
Bering working on the question of mtemal polarisation m nerves came 
fo the conclusion that their phenomena conld be explamed on the 


assumption that the medullated nerve fibre was a cyhnder with a re- 
®stant sheath and a conductmg core 

Hermann made a model nerve with a platmum wire as core, and 
^h a relatively resistant ZiiSO^ solution for the sheath 

Hering’s model was a piece of grass soaked m sahne, the solution 
cing the core, and the grass envelope the resistant sheath 
There is obviously nothing like metallic conduction m a nerve so that 
s model is a more accurate representation, but both models 
realised the phenomena of mternal polarisation, for both satisfied the 
^ntial condition of a resistant sheath and a conductmg core If 
model IS accepted, then, the membranes responsible for mtemal 
po anaation are cylinders co -axial with the nerve 

will be further assumed that these membranes are also the ones 
are responsible for nervous excitation on Nernst’s theory 
crust himself specified only that the membrane might be con- 
hand^^ uifimte distance from any other Hill (4) on the other 

close ^ modification wherem two membranes were assumed 

neither mvestigator assigned to the membranes 
j cfimte position m the stmcture of the nerve 
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The alternative snggestion that the membranes are placed trans^ 
versely is not supported by any histological evidence, and is difficult to 
reconcile Tvith the classical observation that at ^‘make,” the excitation 
IS localised at the cathode 

The mabihty of transverse currents to excite will be considered later 
m this paper 

Acceptmg therefore the above assumptions, it will he possible to 
calculate the distribution of current in the nerve when it is placed m an 
electric field, and hence to estimate the force concentrating ions against 
the cylmdncal membrane 

It must be added that the theoretical treatment which follows does 
not claim to be more than a first approximation, smtable only to 
explam the observations which are under discussion It is hoped that 
it will be possible later to develop it to embrace a wider range of 
phenomena 

Mathematical treatment op besistan'Ce op nerve 

Definitions The nerve fibre is assumed to be a cylinder with a 
relatively well-conducting core, and a relatively non-conducting sheath 
The current is therefore supposed to enter radially through the sheath, 
and then to pass longitudmally up the core 

It 18 assumed that all pomts m the system take up a steady potential 
immediately the circuit is closed 

Now the resistance of the core to longitudinal currents vanes directly 
as its length, whereas the resistance of the sheath to radial currents 
vanes mversely as the length of the sheath through which the current 
passes There must therefore be a certam umtjue length Z, such that the 
longitudinal resistance of I mm of core = the radial resistance of I nun 
of sheath 

For the purposes of the mathematical analysis which follows, it is 
convement to measure all lengths m terms of this length Z as unit length, 
and similarly to measure resistance in terms of the resistance of I nun 
of core as unit resistance 

It IS not possible to measure I directly, but it will be shown that the 
value can be deduced from the strength-length curves 

Expressed in these units, let 

X = lengths measured along axis of nerve, 

JJ = potential apphed to outside of sheath at any point x 
y = potential of core at any pomt x 
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The problem is assumed to be radially symmetrical 


“U 


a+* 


a+M-6 


^*0 


The svstem is defined as foUovrs 

The potential U is 0 from x = 0 to x = a 

rx x=a x = a — 5 

ts x^a — s x = a — s — 6 

The tpTo extremities x=0, x = a — s — 6 are supposed to be closed 
ttansvetse membranes of resistance tanh. a, tanb j3 respectively 
occoiding as < 1, cotb c, cotb ^ respectively, according as > 1 
Consider first the part from x=atox = a — s 
The current leaving the core at any pomt = g-F / err but also = F — rx 
The solution of this difierential equation is 

F = ^ cosb X — B sinb x — rx 
^ mav easilT be venfied. 

It 15 readilv seen that c-F^^x^ may be expressed as 7 siub c irbere 
c are constants 

c-r/cr^ IS positive at tlie anode and negative at the cathode 
^ continuous function of x between these two limits, it follows 
^ at some pomt c mtermediate c-F;^x^ = 0 

B cosh c [AJB — tanh c] = 0 
^d since B cosh c 0 


A = I smh (— c) 

B — 1 cosh (— c) 

^ '^osh a: smh (- c) - 7 smh x cosh (- c) = J smh x~c 

a ^ ^ ~ increases vnth ^ for all values of x, c-TJci? has 

the „ cathodic evtremirv than at any other pomt in 

over which the equation holds (i e from a to a — s) 

^hich^ membranes are assumed to he longitudinal c-Yjcx?-, 

asainsTthl" leaving the core, is the current concentrating cations 

Th 

th'* ij! ^ concentrated at the cathodic extremity of 

<mge, and the excitator- value of the current is given by 

(c-F /cix)a = A cosh a ~ B sinh a 
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Now introduce a new vanable ip defined as follows 


3-F /3F 

3? 3i ~ according as < 1 , coth p according as > 1 

Tlien since d^VIda^, dVjdx are both continuous functions of x ^rhatever 
continuous function U may be, ^ ^vill also be a continuous function 
In the present case 


tanh ifj 


A cosh a: + jB suih x 
A sinh X'\-B cosh x + v 


between a, a + s 


If ^ay *Aa+tf the values which ^ assumes when a; = a, a + 5 
respectively we may write the two corresponding equations and solve 
for A and B 

Then substituting these values m 

[dWjdx^)^ = A cosh a B sinh a 


we obtam 


(Sl = ^8inli^, 


emh j-^a+t + ginh 


Now the regions from x=0tox = a, x^aA^s to x^a + sA^bdx^ 
particular cases of stretches exposed to constant potential gradients, 
namely, when the gradient is xero 
Hence 


tanh xfs = 


^^cosha; + jg^ sinh x 
- 4 j 8 inha;+ 5 iC 03 h x 


tanh x + 1 


when tanh c = AJB^ 

— a; = c, a constant over the whole range 

ipo - 0 -= ipa - a 

ipa+, — (a + s) = '/'0+S41. — (a + S + 6) 


Now 


tanh a = resistance of end at a; — 0 = (|^/|^ )p 

= tanh^oj 

11 

tanh ^ = resistance of end atr = a+ s4‘b=~'( 

d_r_jdr\ 

, dx^ 1 dx /*+#+# 

= — tanh 1 A 0+.+6 » 

i? = - Pa+t^ 


Substitutmg these values in the above two equations 

= (a + «)> 

Ph+t = — (b + ^) 

These may now be substituted lu the equation for (3*F/9a^)o 

/gsF\ 8inb gH-6 + ^-8 inht + ff 

( - 3-1 / = I smh a + a 7 

\dx^ J a Sinh g + ct + a-fo + p 

This formula holds provided that tanh a, tanh ^ obtam 
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n coth a obtains each term containing a becomes cosb mstead of sinlx, 
if cotb |3 obtains eacb. term contaimng jS becomes cosb instead of sinb, 
if coth a and coth j3 obtam eacb term containing a and j3 remains sinb, 
others become cosb 

Application to sirengtJi-lengili curve Tbe mterpolar length is represented 
by the length s ^vhicb is exposed to tbe constant potential gradient, tbe * 
ertrapolar lengths bemg tbe parts m tbe eqiupotential solutions 

We have seen that tbe current concentrntmg ions agamst a longi- 
tudinal membrane is given by tbe value of 0-F/3x^ and that this con- 
tinually increases from one end to the other of tbe mterpolar stretch 
It may also easily be shown that tbe values m tbe extrapolar regions 
are always mtermediate between tbe two extremes of the mterpolar 
stretch, hence, accordmg to tbe assumption at tbe begmnmg of the 
paper, excitation should occur at the cathodic extremity of tbe mterpolar 
stretch On similar assumptions but supposmg tbe membranes to be 
tiansverse, excitation should occur approximately m tbe centre of this 
where y0x^ vanishes 

Experiments with tbe local appbcation of weak alcohol showed that 
^citabflity was only afiected when tbe appbcation was at tbe cathodic 
^^ennty of tbe mterpolar stretch 

Now smce tbe mterpolar length was m all cases altered by movmg 
the anode, 


“a,” tbe cathodic extrapolax stretch remains constant 
Hence s b ^ constant = c 

V i sinh fl + c - sinh 6 + c - 

\ sr ) “ ^ a 4- a — — - — or cosh, etc 

smha + a+p + c 

bow if c> 6 we may convert these byperbobc functions mto their 
exponential equivalents and obtam 


(3^F/0a?)o = (1 i __ e-») vj2 

co^ectto less than 1 p c , or, regarding (3^F/0cc^)o as attaining a constant 
ra ue whenever the threshold is ]ust reached, 

vaz 1/(1 — er^), 
oc 1 + coth (s/2) 

^ experimental results when plotted at the scale of about 5 mro 
^ t e analytical unit fit this equation well And smce c> 30 mm 
^^6 units and the above condition is realised 


in 


^ ^eihod of finding value of analytical unit tn eac^ case, 

potential gradient corresponding to eacli mterpolar length is expressed 
that the ralne corresponding to infinite length"=2 
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The curve t/ — 1 + coth af/2 is drawn, y la then, made etjual to each of the threshold 
potential gradients m turn, and thn corresponding value of 2 is read o£L 

Thua to each potential gradient there oomesponds on the one hand the observed inter- 
polar length in mm,, and on the other the derived value of x. 

These latter two quantities when plotted against each other are found to he upon a 
straight line which passes through the origin The gradient is easily seen to be the analytical 
unit of length eipmsaed m mm. 

COMTAEISON WITH EXPEETUENTAL RESULTS 

The conclusion of the matlieniatical treatment shows that the 
strength-length curve, expressed in units such that the rnimimiiii 
threshold strength was 2, is a curve mvolving a single arbitrary constant 
— the value of the analytical umt of length If aU nerves had the same 
unit, all should have the same strength-length curve, actually, however, 
we should expect that there would be a slight variation from nerve to 
nerve But when the lengths (m mm ) were divided each by their own 
unit, we should expect that they aU fell upon the same curve 

This has already been quoted as fact when considermg the expen- 
mental results 

Furthermore, the curve in question should coincide with 
u cc 1 + coth (s/2) 

That this IS the case with considerable accuracy may be seen from 
Fig 2 The curve here is that correspondmg to the above equation, and 
the experimental Imes are seen to fit it withm the general hmits of the 
experiment The lengths are plotted m analytical units, and the strengths 
m umts such that the rnimmum is two 

It therefore appears justifiable to regard the strength-length curve 
as due largely to the variation m current distnbution consequent upon 
the resistant sheath of each fibre 

The change of chronaxie with different lengths shows that the rate 
of dissipation must play some part m altering the threshold, but this 
part need not be very great since the strength-length curve is capable 
of being explained quantitatively without reference to it 

Comparison with poeaier woebiers 

Marc USB (6) The first results that I know of which can be studied 
quantitatively are those of Marcuse In pnnciple his apparatus was 
similar to mine, but the extrapolar regions of the nerve were lifted out 
of the solution This must involve errors due to handling, and the 
meniscus makes it impossible to read the mterpolar length to an accuracy 
greater than 1 or 2 mm 
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Fig 3 slio\rs my theoretical curre and all the results of Sla reuse 
■where the cathode was kept fixed Those where the cathode was moved 
would include errors from, variations of local excitabihty from pomt to 



3 Strengtli length relation. Besults of former is'orkeis Units as in Fig 2. 

pomt, besides the deviation due to the fact that the theoretical curve 
this case is not the same as for the former 
a f given show a fair agreement with the theory, and suggest 

^ y large random error, but no consistent divergence 
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Marcuse found that some of ins curves exhibited a TmmmnTn 
threshold correspondmg to a certain length lengths greater than this 
required a higher threshold He thought that those curves which did 
not show this would do so were the length sufficiently mcreased How 
ever, if we consider only the results with cathode fixed this TmTiiTmim 
is not much in evidence, and, as has been mentioned, the other results 
are not strictly comparable 

Tschiejew^sCS) results were published m the same year as 
Marcuse’s, and apparently quite mdependently 

His method was qmte different Electrodes were apphed to the 
nerve m air, and the mterpolar length varied by two methods 

(1) The electrodes were moved 

(2) The nerve was bgatured m the mterpolar region, and the whole 
nerve was moved across the electrodes 

Thus, though the length of nerve substance between the poles was 
constant, the length of nerve between the ligature and the electrode 
nearer the muscle was varied 

These results when plotted are seen to agree with the theoretical 
curve about as well as those of Marcuse 

Tschirjew’s formula = a -h b/s^ where a, 6, m are constants is 
one which would fit any curve of this type withm the rather wide lunits 
of error It has one more arbitrary constant than mine, has no theoretical 
basis, and hence need not be considered 

C A R D o T (2) Comparatively recently the same mvestigation has been 
earned out by C a r d o t Electrodes were applied to the nerve m air, and 
the mterpolar length altered by movmg the anode A large resistance 
was placed in senes with the nerve Unfortunately he only gives one 
result, but that is seen to fit excellently the theoretical curve 

To summarise the results of these workers 

The large vanations of Marcuse and Tschirjew allow of no con- 
clusion other than that the results are not mconsistent with the theory 

Car dot’s curve may be taken as confirmatory 

Variation of threshold with angle between current 
AND NERVE 

The foregomg results have been explamed on the assumption that 
excitation is brought about by the concentration of ions against a 
membrane which is cylmdrical and co-axial with the nerve A fow 
a pnon reasons m favour of this assumption have been given, and it is 
now necessary to deal with what appears to be a eenous objection 

Erom the time of Galvani onwards it has been recognised that a 
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nerve is neady or quite mexcitable to currents perpendicular to tbe axis 
This seems to favour tbe assumption of a transverse membrane, for at 
first siglit it would appear that the transverse direction would be the 
most eificient for concentrating ions against a longitudinal membrane 

Determinations were made on the relation between threshold and 
angle between current and nerve, and the results are m agreement with 
previous workers These experiments were all completed before the 
development of the foregoing mathematical theory with which they are 
in close accord 

Apparatus A frog’s sciatic-gastrocnemius preparation was used 
The nerve was hgatured near the cord, and cut through central to the 
hgature It was stretched horizontally m a trough of Rmger’s fluid, 
through which a current was passed between two nompolansable 
Ag-AgCI plates Seen from above, the trough was square, and the plates 
occupied the whole of two opposite sides 

The hues of flow of the current were therefore all parallel to each 
other, and perpendicular to the two plates It is this direction which is 
referred to as the direction of the current, though the actual direction 
Jn the nerve is different 



•i- Apparataa for detennroing relation betvreea threshold and angle 

The trough and electrodes were mounted on a small turn-table 
graduated m degrees 

, of the nerve entered the capfllary ends of two tubes, and 

e muscle rested m the wider body of one of them A screw controlled 
th^ between the tubes by operatmg upon the arms which held 

These arms were attached to a ngid stand so that they remained 
^ when the turn-table rotated By this means the angle between 
^^ent and nerve was varied 

The advantages of holdmg the nerve m this way are 

portion of nerve exposed to the current is confined to the 
part between the tubes 

(-) This length may be varied accurately and easily 
) The nerve is entirely straight m the exposed part 
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Proof of (1) IS denved from three sources 

{a) If current entered it ^^ould have to leave by the same opening 
(6) The strength-duration curve shows no a curve 
(c) If the nerve is completely withdrawn mto the tube with the 
muscle no contraction can be produced 

Expenvient A frog’s sciatic-gastroonenuus preparation was set up in 
the tubes as described, and was left for about a quarter of an hour to 
attam a steady state before the determinations were made 

The stimulus was m all cases a constant current usually of about 
002 sec duration dehvered by a Lucas pendulum, the strength was 
controlled by leading ofE from a low resistance potentiometer wire 

At every 10° m the whole revolution, measurements were taken of 
the least potential led off which would brmg about a perceptible con- 
traction of the muscle The limi ts of experimental error are recorded as 
m the strength-length determinations 

In order that the readings of the turn-table should give the angle 
between the current and the nerve, it was necessary that the nerve should 
be set parallel to the plates when they were set at an angle 90° In the 
earher experiments this was done by eye, but later silver wires were 
mserted mto the mouths of the two tubes and each connected to a 
ter min al of a sensitive galvanometer The current was then passed 
between the plates of the trough, and the tubes adjusted to give no 
deflection m the galvanometer Their openings are now m a Ime per- 
pendicular to the hnes of flow 

Results From the first it was clear that the excitabflity was roughly 
proportional to the cosme of the angle between current and nerve It 
was therefore thought well to plot the results m polar co-ordinates, for, 
not only is a cosme relationship represented by this method as a straight 
hue, but also any zero error which there might be will do no more than 
rotate the graph about the centre 
through an angle equal to this error 
The foUowmg convention is 
therefore adopted 

If the current is flowmg through 
the nerve m the direction ABy 
draw from the origm, 0 a hue 
parallel to AB And if the strength 
of the current necessary to excite 
is 38 umts, then draw the Ime OP 
38 mm long The pomt P will 
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therefore represent the two related vanables, the strength of current 
given by the distance OP and the direction given by 6, the angle which 
OP makes with the direction of the nerve 

Direction of Nerve 
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Rg O Relation between threshold and the angle which the cnrrent 
makes with the nerve 

of ^ inversely proportional to the cosine 

hue nem ^ he on a straight 

perpendicular to the direction of the nerve (as ab, a'b') 

e results show that this is very nearly the case The actual figure 
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(Fig 5) gives several expemnents performed upon different lengths of 
nerve from the same frog 

Some experiments give closer approximations to straight hues, bnt 
the above is typical 

The divergence of the results from two straight Imes perpendicular 
to the direction of the nerve seems to be of three types 

(1) The hues were sometimes straight and parallel but not perpen- 
dicular This IS what would be expected as the result of zero error It 
was found most pronoimced in the earher experiments when the zero 
was set by eye In the later ones, where the galvanometer was used 
the error was never greater than that recorded beforehand as the 
maximum possible error from the galvanometric readmg 

(2) In the eaxhest experiments it was often found that the lines 
were not straight, but markedly concave towards the ongm 

Experiments directed to the mvestigation of this phenomenon 
showed that it was not caused by skewness of the tubes holding the nerve 
nor by any sort of progressive change takmg place throughout the course 
of the experiment 

It was noticed m a preparation which showed the phenomenon most 
markedly, that the nerve was hangmg loosely between the tubes, and that 
it was bent somewhat at the place where the branch to the hamstring 
muscles leaves the sciatic trunk, so that the two halves of the exposed 
nerve were m shghtly different directions 

To see whether this was the cause the following experiment was 
performed (Fig 6) 



Fjg 6 Effect of bending nerve 
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A preparation set up sbglitly stretched so that there should be 
no appreciable bend, and a set of determinations made The results 
gave straight lines as sho^vn by the crosses Then the nerve Tvas artificially 
bent by pulling the centre to one side The determination gave results 
very similar to those obtamed accidentally before, the mam features 
i^ere that the two branches of the curves were concave towards the 
ongm, and met m a rounded curve at one end and a pomt at the other, 
as shown by circles The nerve was then bent the other way and the 
results showed that the roimd and pomted ends had been reversed 
(triangles) It was therefore concluded that the concavity towards the 
ongm when present was caused by the bending of the nerve 

This conclusion was confirmed by all the subsequent experiments, 
m these the nerve was kept shghtly stretched, and this concavity never 
appeared 

This source of error is of importance m cnticismg the earher work 
on this subject, for it was never expressly mentioned, and, I beheve, 

recognised by those whose results showed this concavity towards 
the ongm 

(3) The later results, which were free from these two errors, were 
not quite straight, but shghtly convex towards the ongm The 
^ oct seemed to be d im inished or abolished when special precautions 
^ere taken to ensure that the nerve lay m the centre of the capillary 


any case this error m most cases only just exceeds the expen- 
inental error, and it will probably not be far wrong to conclude that the 
component of the current m the direction of the nerve is alone efiective 
as a stmiulus The component at nght angles has practically no efiect, 
o such as it has seems to be inhibitory 

^ Independence of cosine relation on length of nene or duration of current 
It certam of the generahty of the cosme relation, 

thought weU to show that this relation was not dependent upon 
e p^cular length of nerve exposed to the current, or the particular 
^tiou of current employed 

Length The lengths used for the previous determmations vaned over 
to 20 mm , and, as is clear from the results shown 

of lef Ji. excitability are greatly changed hy variation^ 

ogea, the cosme relation is nnafiected 

this rT!!"” durations of current hare upon 

menb possible to repeat the former expen- 

, usmg currents of different durations 

LXnx. 


25 
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The procedure actually adopted, however, was to find the strength- 
duration curve at different angles between nerve and current 

The curve was determined after the method of Lucas A given 
length of nerve was taken, and set parallel to the current, and the 
strength-duration curve was obtamed Then the curve was repeated at 
one or two other angles I^ally the first curve was repeated 

If each of the strength-duration curves is reduced so that the strength 
at infinite duration is 1, then all the curves coincide remarkably well 
In fact, there was never a greater divergence between the first curve 
and any subsequent one, than there was between it and its repetition 
at the end of the experiment 

Significance of the cosine relation From the foregomg results it seems 
justifiable to conclude that du Bo is Beymond was correct in his sug- 
gestion that the threshold was mversely proportional to the cosine of the 
angle between current and nerve, and it appears that the transverse 
component is meffective no matter what the length of nerve exposed, 
nor what the duration of current employed 

Now we have already seen the way m which threshold is related to 
mterpolar length, and it is clear that if transverse stimulation is eqiu- 
valent to an mterpolar length of the order of the diameter of a nerve 
fibre, then the strongest currents which were used would be quite 
madequate 

This statement may be made quantitative on the hues of the foregoing 
mathematical treatment 

We have already seen m the case of stimulation with longitudinal 
currents that v, the threshold potential gradient, and the 

corresponding potential difference across the sheath, are related by 

OT cosh, etc, 

\ox^/a sinh a + a+jSTF+tf 

or when s == 6 = (1 ± + (1 — e~*) v/2, 

or when a > 1 == order of v/2 

Thus, if a transverse current is to be effective as a stimulus, the 
apphed potential gradient v' must be at least sufficient to produce a 
potential difference across some pomt m the sheath equal to t;/2 

Now if the external diameter of a nerve fibre is 2r, at no point m 
the sheath is the potential difference across it > v'r 
Therefore the minimum value of v' is defined by 

vW v/2 
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v'jv = l/2r ^liere r is measmed m analytical nmts 
= 5/2r ^here r is measured m mm 

Xow r = order of 8/1000 mm v'fv = order of 300 
Ve tins conclude that the transverse current is meffective because, 
to produce the same lomc concentration as a longitudmal current, it 
needs to be more than 300 tunes as strong 

The strongest currents used m my experiments were far weaker 
than this 


CoMPAmSOX WITH FORMER WORKERS OX VARIATIOX OF 
EXCITABILITY WITH AXGLE 

(1) Fick(7) He mvestigated the relation over the range from 34° 
to 90 by a method which depended upon the nerve dippmg mto a 
solution through which a current was passmg m parallel Imes The 
Jesuits \7ere in very good agreement with the cosme relation and Fick 
concluded that this law described them He found, however, that a 
transverse current was always capable of excitmg, though the strength 
required was much greater than any used m my experiments 

The explanation of this is probably due to the fact that the nerve, 
^pported at two ends, looped down mto the solution It therefore 
ared as in my experiments when the nerve was not shghtly stretched 
has been descnbed, this condition gives rise to results which diverge 
om straight hues by bemg concave to the ongm This is the very 
mergence from the cosme relation which Fick obtamed 
(-) Albeecht and MeyercS) These workers did not study the 
tion at various angles but contented themselves with finding whether 
^ excited by a strictly transverse current 

cy confirmed the above speculation by showmg that when great 
P ecaution is taken that the current shall be perpendicular to the nerve 
^ points, the nerve is qmte mexcitable 

(3) Tschikjew(6) The results of this worker are m complete 
faihu those of aU others This is probably due agam to the 

plott precaution to keep the nerve stretched straight When 

nerr^ ^ coordmates these curves strongly suggest badly bent 
Plate^th^^ ^ threads to the surface of a glass 

ILk vro\Ad probably be lying m any direction, and 

^^ould account for the results 

^arhe/^ then, appear to be valueless, and on the whole the 

confirms tlie cosine relation 


25 — 2 
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Tlie theoretical interpretation of the cosine relation is well sninined 
up by Hermannm his Handbuch He here puts forward three reasons 
why it is useless to try to establish a relation between excitabihty and 
angle 

(1) The nerve is not a homogeneous conductor, and hence the distn- 
bution of current m it will vary with angle 

(2) The transverse resistance is greater than the longitudinal, and 
hence the nerve will appear more excitable to longitudmal currents 

(3) To compare longitudinal and transverse excitability, equal 
lengths of nerves must be taken, hence m the longitudinal case a length 
of 01 mm must be used 

But these objections are only vahd if no attempt is made to com- 
pensate for the various factors In the present work, however, each of 
these IS taken mto account, and, instead of them rendermg the results 
valueless, they are at the basis of the explanation 

The mefficacy of a transverse current has been shown to be due to 
the great resistance which a nerve offers to the passage of a current m 
a transverse direction So obvious a possibihty was not overlooked by 
the earher workers, but defimtely rejected by them owing to an error 
which seems to have been peculiarly widespread 

Hermann placed a large number of nerves parallel to each other 
and found the electrical conductivity of the mass when a current was 
passed parallel to the fibres, and when perpendicular to them 

The conductivity m the former case was five times that in the 
latter 

From this it appears to have been very generally concluded that the 
alteration of conductivity between the longitudmal and transverse 
directions will only account for an alteration of excitabihty of 1 6 
This, however, is only vahd if this ratio represents the vanation of 
current at the place where excitation occurs 

Now on the basis of the above calculations the conductivity of a 
smgle fibre to a transverse current is extremely small, and consequently 
m Hermann’s experiment the conductivity measured would be merely 
that of the flmd between the fibres The results therefore give no 
information about the conductivity of the^re^ themselves, and cannot 
be apphed to this question 
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SuiDIAHT 

(1) The relation between threshold and mterpolar length is deter- 
mined, and the results are given in Fig 2 

(2) The ezpemnental results accord well with the theoretical curve 
calculated from the following assumptions 

(a) The nerve is a cyhnder with a resistant sheath and a conducting 
core, 

(h) Kernst’s assumptions regarding the dependence of excitation 
upon ionic concentration are accepted 

(c) Excitation is brought about by the current leavmg the nerve 
through the cylmdncal sheath 

(3) The relation between threshold and angle is determined and the 
former is found to vary mversely as the cosme of the angle between the 
current and nerve 

(4) This cosme relation obtains for difierent lengths of nerve and 
different durations of current 

(5) The cosme relation is directly deduced from the mathematics 
put forward to explam the relation between threshold and mterpolar 
length 

(3) Observations of former workers on these two relations axe not 
mconsistent with the quantitative results of this explanation 

In conclusion I wish to express mv thanks to Dr Adrian for his valuable criticism and 
Novice. 

th indebted to the donor of the Michael Foster Studentship to the trustees of 

Dewes Studentship, and to the Department of Science and Industrial 
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THE ACTION OF LIGHT ON THE EYE Part I The 
Discharge of Impulses in the Optic Nerve and its Relation 
to the Electric Changes in the Retina 

By E D ADRIAN akd RACHEL MATTHEWS 
{From the Physiological Laboratory, Cambridge*) 
iNTRODTJCnON 

Dueing the past two years the impulses occurring m various types of 
peripheral sense organ have been mvestigated by recording their action 
currents with the capillary electrometer and an amplifying system (i) 
It has been found that there is a close agreement m the behaviour of 
the different lands of end organ and m the impulse discharges set up 
by them The present work breaks new ground m that it deals with a 
special sense organ and records the impulses m fibres which differ to 
some extent from those of a penpheral nerve trunk The work is far 
from complete, but it has already shown that the activity of the optic 
nerve is m close agreement with that of other sensory nerves On the 
other hand, the action of the receptor apparatus of the eye is naturally 
far more complex than that of the peripheral sense organs 

With the exception of some of Erohlich’s observations on the 
cephalopod eye (2) we have been unable to find any references to work 
on the action currents of the optic nerve produced either by exposure 
of the eye to light or by direct stimulation of the nerve The retinal 
currents have been mvestigated repeatedly with mcreasmg accuracy of 
technique smee their discovery by Holmgren, and are a valuable 
mdex of the activity of the retma, but they are due to processes takmg 
place m the eye rather than the optic nerve and they do not tell us how 
the results of the retmal activity are transmitted to the bram 

The present work falls mto three mam sections The first deals 
with the discharge of impulses m the optic nerve, the second deals with 
the relation of the optic nerve discharge to the retinal current, and the 
third with some pomts which concern the excitation of the retinol 
structures by bght An appendix by one of us (R K M ) gives some 
data on the histology of the eel’s optic nerve 
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Technique Prelumnary experiments had shown that the recording 
of optic nerve impulses was a more diflB.cult imdertaking than the re- 
cording of impulses from the peripheral sense organs The difficulties 
all anse from the special structure of the nerve The mtracramal part 
delicate and easily damaged, but the chief trouble is due to the short 
length of the nerve and the large number of fibres m it The greater 
the number of fibres m a nerve and the smaller the distance between 
the leading ofi electrodes, the more difficult it will be to detect the 
electnc response of a smgle fibre, yet if a record of sensory action currents 
IS to give much information the activity must be confined to a few nerve 
fibres to allow the mdividual impulses to be distinguished 

Limits of amplification 

It rmzht appear that these difficnlhes could be overcome by increasing the ampM 
cshon of the action cnments. The earber 'ivork on sensorv nerves had nil been earned 
vith an electrical svstem just capable of showing a change of 01 millivolt lasting for 
*^1 'ec. This work had left the impression that little was to be gamed by an mcrease 
Q fensitmtv, but the pomt had never been tested and as the first step m the present 
^^^5^rch We added to the amplifier a fourth valve shielded m a separate case and provided, 
'^th Its own battenes The amphficatxon with this arrangement was 25,000 but the base 
was unsteadv, showing constant small oscillations due to mstabditv within the 
^mphfiet. A potential difference of 1 microvolt lastmg for 001 sec. gave a deflection 
enough to he detected m spite of the unsteadv base Ime When the amplification 
cut down to 5000 the oscillations due to the amplifier were scarcely appreciable, but 
A new set of smaU oscillations appeared if a portion of the frog s sciatic was mcluded m 
ihe mput aremk These were changes of potential of the order of 1—2 microvolts The 
diving of the nerve mcreased them enonnonsly and constant imcation reduced 
^ possible that thev might be reduced still more by a more perfectlv balanced 
fimd, but it is clear that for the present at least these finctnations set the linut 
0 the UBefnl amplification which can be emplovedL If the action current does not produce 
* potential difference of at least three or four microvolts, it will have little chance of 
against the unsteadv background and as this unsteadiness is due to the tissue 
It cannot be overcome bv the most perfect amplifving svHtem. With our present 
nieter there has never been anv advantage m mcreaamg the amplification above 
and we have usnallv emploved three valves only ( x 1750) 

Preparation Our earliest expemnents were made on tlie optic nerve 
of the frog (R temporana) They were successful m showmg that action 
oarrents could be detected m the nerve when a bght was thrown on the 
ove but it was quite clear that some more smtuble preparation would 
to he found if we were to learn much from the records The ideal 
Preparation would provide a long optic nerve with not many fibres, we 
anxious to work on vertebrate eyes and anxious to avoid the 
^omphcatious entailed by a warm-blooded mammaban preparation All 
e conditions axe satisfied by eye and optic nerve preparations from 
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various fish and most of our expemnents have been earned out on 
preparations from the eel, Conger vulgans Live Conger eels happen to 
be more easily obtamable m Cambridge than fresh water eels {Angmlla)y 
and they remain m good condition for many days if kept m a large tank 
of aerated sea water In a specimen weighmg 3 lbs the optic nerve is 
about 16 mm long and thinner than a frog’s sciatic 

The retina has the normal structure of the teleost eye(3> containing 
both rods and cones and differmg httle from the mammahan retina 
except m the presence of the campanula and the absence of anything 
corresponding to the fovea The number of fibres m the optic nerve is 
about 10,000* 

In most of the experiments the eel was decapitated, the bram pithed, 
and eye and optic nerve removed from the head In a few expemnents 
the bram and spmal cord were destroyed, but the eye was left in siiu 
with its circulation mtact and leads were taken from the intracranial 
part of the nerve Durmg the dissection the eye was shielded from the 
hght by a small cap of black fabric 

As a perfusmg flmd we used ordmary mammahan Rmger’s fluid 
This has an osmotic pressure shghtly less than that of Conger serum, but 
the eye and optic nerve could be left m it for several hours without 
any obvious harmful effect The addition of 2 p c of urea to the per- 
fusmg fluid was defimtely harmful^ 

The isolated eye and optic nerve were set up m the stand shown m 
Pig 1 A, the eye restmg m a small vulcamte chamber with the cornea 
touchmg a cover glass and kept m optical contact with it by a drop of 
flmd lie nerve lay on two electrodes which were made of U-shaped 
glass tubes fiUed with Rmger’s flmd and plugged with tufts of cotton- 
wool which made contact with the nerve A spiral of silver wire coated 
with silver chloride dipped mto the other hmb of the U and led off the 
currents to the amplifier and electrometer A third electrode was some- 
times used to support the free end of the nerve and another was arranged 
m front of the eye for use when the retmal currents were mvestjgated 
The same arrangement was used for experiments on the eye and optic 
nerve of the frog, except that the cover glass m front of the eye was 
omitted AU expemnents were made at room temperature, which was 
kept m the neighbourhood of 16° C 

1 Schulz and Krfiger {Winteralttn'a Eandbuch, Bd. i, p 1144) quote Dclaunoy 
as saying that Conger serum contains 2 16 pc, of urea, though as a rule such bg 
concentrations are found in elasmobranchs but not in tcleosts Elsewhere the depre on 
of the freezing pomt is given as - 75° which is much closer to that of mamma on 
serum ( - 6°) than to that of an elasmobranch ( - 2 2® C.) 
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lUumviatwg apparatus 

As we wished to control the area of the retma stimulated as well as 
tie intensity of the stimulus the optical system was arranged to focus 



B 


1 A. Arrangement of apparatua for focussing an image of an illtiniinated disc on 
the retma, 

B Detail of electnc signaL 

the image of an illmnmated disc on the retma In most of the expen- 
®ients the disc was of opal glass and was ht from behmd by a 100 c p 
filled lamp with an opal bulb Immediately m front of the disc 
(* c between it and the eye) a large ms diaphragm was placed and the 
positions of the diaphragm lever correspondmg to various areas were 
^^led on a scale The disc was placed on the open side of the metal 
X which contamed the preparation and all other hght was excluded 
y hlack velvet curtains The front surface of the cornea was at a 
ance of 18 cnu from the disc and m order to focus the disc on the 
fetina the refraction of each eye was ficrst detenmned with an ophthalmo- 
^oope and the necessary lenses were then set up m a holder immediately 
^ front of the eye 

^^fractiou of the front Bnrface of the cornea annulled bv the cover glass the 
from the bodv aud set up in the stand alwavB showed hvpennetropia of 
ccordmg to Beer most fish examined ahve are mvopic but the eyeball of the 
^mete ^ and there is probably a considerable shortenmg of the antero-postenor 
'^Hen the eve is dissected out The ophthalmoscope determinations were con 
and I ^ c^es bv cutting a small window m the sclerotic at the back of the eve 

e t?°^ ^ Bmger s fimd^ with the cornea downwards on the stage of a micro 

at the eve would form an image of an illuminated slit placed 18 cnu below the 
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microscope stage Without lenses the image was alwajs formed 1 mnu or more above 
the back surface of the eye and a lens of about 13 d was needed to bring it to coincide 
with the cut edge of the retma If the eye were emmetropic, a lens of +6 6 n would be 
needed to focus an image at 18 cm. and the degree of hypermetropia is therefore 13-6 6= 
+ 7 6 D The length of the image with a +13 d lens m front of the eye was I/38th of 
the length of the slit, the image was well defined and showed no obvious distortion 

In practice, then, if a lens of + 6 6 d plus the lens required to make the eye emine 
tropic IS placed in front of the eye chamber an image of the disc, reduced to l/38th of 
its diameter will be formed on the retma, and an alteration m the sue of the disc will 
alter the area, but not the mtenmty of illumination of the image 

The eye was arranged so that the image would fall near the centre 
of the retina avoiding the pomt of entrance of the optic nerve 

The intensity of illumination of the disc was vaned by placmg the 
lamp at different distances behind it The actual illununation on the 
side facmg the eye was found by comparmg the disc with a white card- 
board screen ht by a standard lamp at vanous distances The weakest 
illumination of the disc gave a match with a white surface havmg an 
lUummation of 23 metre candles, the strongest dlummation was equal 
to 830 metre candles^ In certam experiments where more light was 
required a ground glass screen was substituted for the opal glass and 
this gave a surface approximately 16 6 tunes as bnght When a very 
small image was required a pm hole with no diffusing screen took the 
place of the disc For very large images the eye was brought nearer the 
disc and the necessary lenses were mterposed 

ShvUer and signals A large photographic shutter was placed imme- 
diately behind the disc and the speed of opemng and closmg was ad- 
justed so that the largest area m use (2 cm diam ) would be uncovered 
m 1/60 sec At faster speeds the vibration of the shutter gave rise to 
artefacts m the amplifier circuit Two signals were used for markmg 
the opemng of the shutter on the action current record One was a 
lever set m front of the slit of the recordmg camera and connected by a 
silk thread with a rotatmg drum which formed part of the mechanism 
of the shutter Tests made by reflectmg the hght passing through the 
shutter on to the sht of the recordmg camera showed that an mterval 
of 1/30 sec elapsed between the appearance of the hght and the move- 
ment of the signal lever, but the lag was constant to withm 1/90 sec 
For more exact work on latent penods an electric signal was added 
later The first movement of the shutter was arranged to break the 
current m a circuit which was mductively coupled by a few turns of 

1 The lUumination of a horizontal plane on a clondy day ib about 600 metre cand^ 
that of a plane ht by the direct rays of the aun m zeiuth through a clear sky is 288 000 
metre candles 




DIhO) (liain 12 8 inin Jlliiininniion 8^0 motro oandlofu 
DIhc, diain 12 8 nnn fllundnation 18280 motro onndlo^ 
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■wire with the inpnt lead of the amplifier (Fig 1 b) Breaking the circuit 
induced a bnef change of electromotive force in the input and this 
appeared as a sharp spike in the electrometer record comciding with 
the opening of the shutter As the movement of the shutter was not 
instantaneous large areas would not he fully exposed until 1/60 sec or 
so after the appearance of the signaL Fortunately these times are small 
compared with the latent periods measured^ which are of the order of 
1/15 to 1/5 sec 

Section I 

Nature of optic nerve discharge 

A prelumnary account of this has been published already (Adrian 
and Eckhard(i)) As a rule the nerve is fairly quiet when the eye is 
in the dark, but the sudden exposure of the disc to a hght of moderate 
intensity always produces a well-marked action current discharge 
Typical discharges with hghts of different mtensity are shown m Fig 2 
The mdividual excursions are smaller than those usually obtamed by 
stimulatmg the receptors of a peripheral nerve This would be a natural 
consequence of the greater number of fibres m the optic nerve, smce the 
ratio of the recorded e M f from one fibre to that actually developed 
m it vanes mversely with the number of fibres m the nerve trunk 
Apart from this difference m size, however, there is very httle to dis- 
tmguish the discharge m the optic nerve from that, e g m the frogs 
sciatic when the tension receptors m the gastrocnemius are stimulated 
by stretchmg the muscle 

That the oscillations are due to action currents m the optic nerve 
fibres IS shown by their disappearance when the nerve is crushed be- 
tween the eyeball and the electrodes, and by then* change m form when 
the electrodes are arranged for monophasic instead of diphasic recording 
Owmg to the short length of nerve available the responses are never 
completely diphasic, but there is an obvious shortening of the first phase 
of the response and development of the second phase when the proximal 
electrode is shifted from the end of the nerve to a pomt nearer the distal 
electrode The same change m form can be obtamed by lea'song the 
preparation for several hours m Emger’s flmd after dissection and so 
giving the mjury current time to subside The usual controls have been 
made to exclude artefacts 

A record of the optic nerve discharge made on a rapidly moving 
plate IS reproduced m Fig 3 with the analysis of a portion of the record 
below The small size of some of the excursions makes it diflScuIt to 
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detect ranations in the time relation^ of m(ii\’idual responses/ hut it 
does not seem likel} that they differ much from one another The 



Fig 3 a. 



3 A. Plate record. 
^ 3S, Pm hoi-, 
m daihuess. 


Fig 3 B 

Time marker gives 1/100 sec. intervals. 

5 mm. diftTTi. Above, record just after mitial outburst, below. 


B 


“^iialvEis of portion of record in Fig 3 a. Time m 1/1000 s-c. mtervals 


of t^^^ ^ monophasic response 0015 sec , agrees with that 

response in a peripheral sensory nerve fibre There are certamlv 
He erences m the diameter of the fibres which make up the optic 
^ 0 for \re have found fibres of 8 ft side by side with fibres of 1/x 
nerve^ explain the rather irregular appearance of the optic 

there ^ compared, with those from a peripheral nerve Although 

''atQe ^ variation m size as between consecutive impulses m the 

corr have found no sign of anv general change m size 

^ esponding \nth changes m the mtensity of the stimulus and the 
loave no doubt that there is m fact an “all-or-nothing’’ 
frAm ^ ^^een the impulse and the stimulus as m the sensorv fibres 
other receptor organs 
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Since each, fibre of the optic ner7e must supply on the average an 
area at least 90^ diam on the retina (see p 413) it would seem to be 
an easy matter to restrict the activity to a smgle nerve fibre But in 
our records, even with a retinal image of 10/x- diam , the impulses are 
evidently derived from more than one nerve fibre smce considerable 
overlappmg of action currents may occur The cause of this wall be 
dealt with later Its practical consequence is that reducmg the size of 
the image does not allow us to distinguish the frequency and groupmg 
of the impulses m a smgle optic nerve fibre, though the frequency 
cannot, of course, be greater than that shown m the record 


Evolution of the discharge 

(a) Steady illumination With action currents as small as these it is 
impossible m contmuous film records to count the total frequency of 
impulses per sec with any certamty when it exceeds a value of 250-300 
per sec Below this limit it is only possible when the impulses are 
diphasic, and the photographic recording as sharp as possible 

To teat the accuracy of counting, control expemnente were made m two sciahc nerves 
from the frog arranged side by side The two nerves together would contain about 6000 
nerve fibres, and the action currents are about the same size as those m the eel s optic 
nerve Impulse discharges were produced by hangmg weights on the gastrocnemu and 
the frequencies were counted first with the receptors of one muscle excited, then with 
the other, and finaUy with both together If the conditions of excitation are hept constant 
the frequency of the impulses when both sets of receptors are m action should be the sum 
of the frequencies with each set acting separately Provided that the frequencv did not 
exceed 300 per sec the counts agreed fandy weU with this, though there is a tendenci to 
underestimate the number when the frequency is as high as 200 and the error becomes 
greater and greater at higher frequencies owmg to the overlapping of the dificrent 
impulses. 


The maximum frequency of the discharge can be kept below 300 
per sec by coutroUmg either the size of the retmal image or the mtensity 
of the hght and it is then possible to follow the evolution of the discharge 
when the shutter is opened suddenly and remains open for several 
seconds Examples from two experiments are given in Figs 4 and 5 
They show a discharge which begins after an appreciable latent period, 
rises rapidly to a maximum and then dechnes more slowly '\^hen the 
hght IS turned ofi there is a sudden mcrease m frequency and then a 
drop to zero Both the declme m frequency duxmg stimulation and the 
renewed outburst on darkenmg were unexpected results but ve haic 
found them m every preparation (more than 30 m all) 



IMPULSES IX OPTIC XEBTE 


387 


Consideration of the latent period of the discharge must be deferred 
to the next section smce it is related to the latent penod of the retmal 




^ Frequencr o' inipulses p^r seo dn nn^ and after illumination- Duration of lighting 
siotm below itcord- Exp. lb Disc, diam- 3b mm. Illaimnauon S30 metre candles 

5. Di**o- Eip. 13 Disc, diatn. 12 S rnm Illuininauon S30 metre candles 

Current As regards the decline in the frequencv of the discharge 
^thongh an nncntical exanunation rrould tell us that an object appears 
equally bright as long as look at it there is no doubt that the 
hnghtness does m fact decline considerablv from its initial value If 
prevent the eye from moving and look at the dim outlines of an 
object m a dark room m 20 sec or less the object disappears and the 
field becomes umformlv blurred and even m a bright light outlines soon 
-come hazy if we mamtam complete fixation (Hartridge<^^, see also 
ar(5)) It IS hard to sav whether there is a diSerence m the rate of 
^iine of the impulse frecuenev curve with lights of diSerent mtensitv 
^ are limited to frequencies belovr 300 per In some preparations 
^th small areas and famt lights the discharge fails altogether after one 
or two seconds whereas with bright lights and larger areas the frequencv 
ccIine: very slowlv after the rap’d ininal tall (as m Fijr 4) 

^The form of the frequency curv^ for a given stunolns vanes con- 
^ trablr fixun one preparation to anoth^ as does the sensitiveness of 
eye to hght^ IVe have not found that repeated short exposures 
1 ^ than 10 sec ) to light of mod^rat-^ produ'^es anv change 

^ the discharge provided that the e^e remains m th*^ darh from lti-20 sec 
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between each exposure With very strong lights (16,000 m o illumina- 
tion of disc) longer intervals of rest have to be allowed 

As the preparation is isolated from the body it seemed possible that 
the decline in the discharge might be due partly to the abnormal con- 
dition of the eye It is known that in a freshly excised eyeball the 
retinal currents produced by exposure to hght do not differ considerably 
from those observed when the eye is left %n situ with the circulation 
mtact, and Westerlund(6) has shown that a frog’s eye must be kept 
for 2 hours m mtrogen before the retmal currents disappear completely 
But the excised eye does become progressively less responsive as judged 
by the retinal currents and it is quite possible that the processes con- 
cerned in the optic nerve discharge might be more easily upset than 
those concerned in the production of the retinal currents To test this 
pomt we made two experiments on the eel’s eye with mtact circulation, 
the leads bemg taken from the mtracramal portion of the optic nerve, 
but both showed a dechne m the frequency of the discharge with steady 
illumination, and the rate of dechne was no less rapid than m the average 
excised preparation A record from one of these is given m Fig 2 

Thus the dechne in the frequency of the discharge must be accepted 
as a normal occurrence m the eel’s eye, and although the expennents 
are less accurate we are satisfied that it occurs m the frog’s eye as well 
This brmgs the optic nerve discharge mto hne with that from penpheral 
receptor organs, for in every one that has been examined there is a 
decline m frequency with constant stimulation In the peripheral re- 
ceptors this dechne m frequency has been related to the ‘‘adaptation” 
which occurs when a nerve fibre is stimulated with a constant cuixenl; 
In the nerve fibre the adaptation to the stimulus is so rapid that only 
one impulse is produced It is slower m the skm receptors and very 
slow mdeed m the receptors m muscle which are concerned with the 
long contmued postural reflexes Whether the dechne m the discharge 
from the eel’s eye is due to an adaptation of this kmd (i e a process 
which IS the direct consequence of the stimulus) or to fatigue (the 
consequence of the activity of the organ) is a question which must be 
left open for the present, but the functional importance of the dechne 
is clear It means that a changing visual field will produce a greater 
sensory effect than a stationary field, t e that a movement will be more 
readily perceived than a stead} pattern of hght and shade 

This IS easily seen by placmg m front of the preparation a large disc 
of oiled paper (15 cm diam ) ht from behind and causmg a shadow to 
move across the disc When the shadow moves, the retinal pomts which 



IMPULSES IN OPTIC NERVE 


389 


pass from datkness to liglit be strongly excited and tbe impulse 
discharge during the movement is fax greater than it is when the whole 
field has been evenly lUuminated for a few seconds (Fig 6) 



Iig 6 Uovement of shadow across the visual field. Large lUummated screen m front 
of the eve A sector of the screen is shaded and m the middle of the record this is 
moved across the field. 


It IS generally agreed that m ammals whose visual sense is not 
strongly developed the eye is mainly an organ fox the perception of 
movement but our results do not exclude the possibility of some land 
of pattern perception as weU Movements of the eye relative to a 
stationary visual field would have the same effect as a movement of the 
field In man it is known that there axe constant small oscillations of 
the eyeball which occnr even during the most careful fixation If these 
oocur m the eel a steady field consistmg of a bright disc on a dark 
background would produce a circle of strongly excited retinal points 
^ce these pomts would be continually passmg from light to shadow 
and uce tersa Whether such movements do occur m the eel is extremely 
doubtful and m man we do not know whether they have any real func- 
tion, though it seems likely that they do serve a useful purpose m 
mamtammg the retmal excitation (cL DodgeO) 

There is another pomt which must not be lost sight of, and that is 
that the curves in Figs 4 and 5 show a rapid dechne in the frequency 
of the impulses occumng m a group of several nerve fibres, but we 
cannot assert that the rate of decline is the same m every fibre It is 
possible that the evolution of the discharge ansmg in the cones may 
have different tune relations from that of the rods Our records do not 
show anv distmct e\*idence of two different kmds of response and 
the eers retma has no fovea it has been impossible to test the nomt 
directly The only mdication of a dual mechanism is the occamonal 
occorrence of a prelunmarj nse m frequency foUoTred by a decline 
ra Lxiii- 

26 
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before the maximum frequency is reacted An mdication of this appears 
m -Fig 2 It IS often absent even with strong hghts 

Shmult 0 ^ short duration the “off effect ” A typical response to 
a very bnef illumination of the disc is shown m Fig 7 The discharge 



Seconds 

7 Respoase to flash of bght lasting 125 sec (approx.) Exp 28 Disc, 36 mm. diam 
Ulummation 830 metre caudles 

begins some time after the light is shut off and lasts for about 1 sec 
A discharge of much the same form dwmdimg to nothing after a second 
la often obtamed by the continuous exposure of a small and feebly 
illummated area But with stronger hghts and larger areas there is 
always a definite ‘'off effect” provided that the stimulus has lasted for 
a second or more The off effect has a latent period comparable to that 
of the mitial discharge, it lasts for about 1/5 to 1/2 sec , dymg away 
gradually The maxunum frequency shows a decided increase as the 
duration of the preceding stimulus is prolonged and it may be fully 
equal to that of the initial discharge when the lUumination has lasted 
10 sec or more Typical "on” and "off” outbursts from the same 
record are given m Fig 8 a Fig 8 b shows the same thing in the frog's 
optic nerve and here the "off” outburst is longer than the "on ” The 
preparation which gave this record was an exceptionally good one 
as a rule the base hue has been unsteady in records from the frog 

For the present the chief mterest of the "off effect” hes in its relation 
to the retinal currents, which will be discussed in Section H, and m its 
functional intei^retation. There is not much to be said about the latter 
Smce the discharge from the retina may decline almost to nothing under 
a steady lUumination it is clearly to the advantage of the organism to 
have an eye which wjl signal the change from light to darkness, as well 
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as that from dark to light, but it seems difficult to correlate so great a 
discharge with any of the visual sensations which we experience when 
a hght IS turned off However, it may be a mistake to regard the dis- 
charge as one of considerable intensity, for there is no reason to suppose 
that the impulses which make up the ‘^off effect” are travelling m the 
same nerve fibres as those which make up the primary dischEirge They 
may be derived from the surrounding parts of the retina and may 
represent a low frequency discharge m a large number of nerve fibres 
whereas the primary effect is a high frequency discharge m a few fibres 
Frequency of discharge %n relation to %ntensiiy and area When the 
illumination of the disc is mcreased without any change of area, the 
impulse discharge m the optic nerve shows three changes The latent 
period IS reduced, the maximum frequency of the discharge is increased, 
and the maximum frequency is reached at a shorter interval after the 
beginning of the discharge These changes can be seen in Fig 9 Fig 10 
shows the effect of mtensity on the latent period, and Fig 11 gives 
six curves showing its effect on the maximum frequency of the dis- 
charge The number of pomts is not great enough to allow the equation 
of the curve to be stated, but the frequency is evidently some ex- 
ponential function of the mtensity Such a relation is not surpnsing 
Curves of much the same form have been obtained from other receptors, 
and the form is m general agreement with what is known of the relation 


between the stimulus and the brightness of the sensation m man 

The effect of mcreasmg the size of the retmal image without altering 
the intensity of illummation was qmte unexpected ThinJang of the 
retma as composed of a number of small areas each connected with a 
smgle nerve fibre, we were prepared to- fihd that the only change would 
be m the frequency of the discharge and that this would be chrectlj 
proportional to the area of the disc which is focussed on the retma 
What we found was a reduction in the latent penod of the discharge, 
a qmcker rise to the maximum and an mcrease m frequency which was 


not nearly proportional to the area stimulated 

Curves showing the evolution of the discharge for different areas are 
given m Fig 12 Fig 13 gives the effect of area on the latent period, 
and Fig 14 shows its effect on the maximum frequency of the dis- 
charge The effect of mcreasmg the area is so much like that of 
mcreasmg the intensity of the hght that we supposed at first that 
the focussmg of the image was at fault and that an increase m the 
area of the disc would not produce a correspondmg mcrease in the 
area of the retmal image, but would mcrease its mtensity of lUummatJon 




% 9 Erolafaon of dmharge with difierant mtensities of lUumiBation, 28 Disc, 

36 nun. diam. Ulnmmfttion 830, 117 and 52 metre candles. 


^ 10 Change la latent period with mtenatj" of fllununation. 

a Esp 17 Duc.25 5min.diam. d Exp 16 Disc. 32mm. ^m. 

6 Exp.33 Duc,36 mm. diam. e Exp 29 Disc, 25 5 mm. diam. 

Exp 28 Duc,25 5mm-diam- / Exp 27 Due, 25 3 mm. diam. 


% IE llaxinial frequenev of discharge with difierent mtenaibes. 

1 Exp 17 Due, 6 4 mm. diam. 4. Exp 38 Disc, 36 mm. diam. 

2 Exp 23 Duo, 3 2 mm. diam. 6 Exp 20 Due. 36 mm. diam. 

3 Exp 16 Duo, 3 2 mm. diam- 6 Exp 28 Due. 36 mm. diam. 
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But repeated tests have shown that the optical system does produce a 
reasonably sharp image on the retma, and we have tned the expemuent 
of placing a senes of lenses in front of the eye ranging from 4- 13 n 
(which should give a sharp focus) down to — 8 6 n without finding one 
which altered the form of the relation between area and frequency 
There is no doubt a large error in the counting of the different fre- 
quencies since it IS always difficult to know how many impulses go to 
make up the large spikes which appear m the records of high frequency 
discharges, but it is scarcely conceivable that the error is large enough 
to make the frequency appear to be only doubled when it has really 
mcreased fifty-fold When the responses are diphasic there is always a 
possibihty of mterference between the opposite phases of two impulses 
which occur very close together, but this can be elixmnated by usmg 
monophasic leads It is then more difficult to count the mdividual 
excursions, but an approximation to the total frequency can he obtained 
by determining the initial movement of the electrometer away from the 
base Ime This method is only apphcable to high frequencies, hut it 
shows the same land of relation between frequency and area as that 
obtamed by direct counting 

Smce an mcrease m area with the intensity constant has the same 


effect as an increase m mtenmty with area constant, it seemed possible 
that, under the conditions of our expenments, the character of the 
discharge is really determmed by the total quantity of hght which 
falls on the retma m umt time, without regard to the distnbution 
of the light This possibihty can be tested by making comparisons of 
the discharges produced by keepmg the quantity of hght m umt tune 


constant and varying the area and the intensity The characteristic 
which can be measured with the greatest accuracy is the latent period 
of the discharge, and Fig 16 A and b give two curves for the eel 
and the frog showing the relation between the latent period and the 
quantity of hght m umt time The different points refer to retinal 
images of widely different area, but all of them fall on the same curve 
when the latent period is related to the quantity of light (area x m- 
tensity) This relation has been mvestigated in eight experiments, with 
discs ranging from 8 to 512 mm ^ (correspondmg to retmal images from 
08 to 67 tt>tt> dmm ) , m a few the results have been less consistent but 
none of them have shown any clear divergence from the relation as 
between large and small areas We have only two expenments m which 
it IS possible to make a direct count of the frequencies with area and in- 
tensity both varying The data for one of these is shown m Fig 16 and 
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Fig 12 



Fig 13 . F5g 14, 

^ ^^oluhon of discharge ’«^th discs of different area. Eip 28 (as m Hg 9) lUu 
^ mciatiQ^ of disc 830 metre candles. 

^ Change m latent period \ntli area of disc. 

^ Eip 27 Ultmimabon 830 metre candles- 
Frp. 29 lUiuiuiiation 208 metre candles, 

^ Fxp 28, Ulmnmaticm. 830 metre candles, 

33 Hhrmmation 830 metre candles, 
freqnencv of discharge vith different areas, 

IS Dlummation 203 metre candles. 

Exp 28 Ulmnination 830 metre candles. 

22, dummation 23 metre candles, 

A disc of area 8 mm.® gives a retinal image *084 mm. diam, 

^ ^2 ,168 
^ 128 „ 388 

512 ^ „ 67 , 
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it Will be seen that here too the inaxiinuiD. frequencies obtained for the 
same quantities of light are the same withm the rather wide Imuts of 
vanation found when similar exposures are repeated 

It IS obvious that these facts do not agree with the simple concep- 
tion of the retma as a mosaic of sensitive points each connected with 
its own nerve fibre and each actmg mdependently of the rest The 
shortenmg of the latent period when the size of the retmal image is 
mcreased can only be explamed on the assumption of some kind of 
mteraction between the different stimulated pomts The dependence of 
the discharge on the quantity of hght without regard to its distribution 
seems to mvolve a process of the same kmd 

We can gam some idea of the extent of this mteraction by finding 
withm what limits an mcrease m area copies the effects of an increase 
m mtensity In our experiments on the effect of area on latent penod 
the largest areas correspond to a retmal image of 1 mm diam An 
mcrease m the diameter of the image from 6 mm to 1 mm produces 
a shght decrease m the latent period, but the form of the curve suggests 
that with retmal images of diameter above I mm the latent period 
would no longer alter as the area is increased To test this point two 
experiments were made with retmal images up to 2 mm diam by 
movmg the eye nearer to the illummated disc and mterposing the 
necessary lenses to focus the image In both of these an mcrease m the 
image from 1 mm to 2 mm diam produced a decrease m the latent 
penod which was so shght that it was well withm the range of expen- 
mental error On the other hand much shorter latent periods were 
obtamed by mcreasmg the mtensity of the hght 

Thus the change of latent penod with area is either absent or veiy 
slight when the diameter of the retmal image exceeds 1 mm With 
images between 6 mrn and 1 mm diam the effect is present but it is 
very much greater when the diameter is reduced below 3 mm Whether 
the frequency of the discharge becomes more nearly proportional to the 
size of the image when this exceeds 1 mm diam is a question which 
must be left open till we have further data, but the lack of propor- 
tionahty is certainly greatest with very small images 

Havmg obtamed this unexpected result we found that we ought m 
fact to have anticipated it It has been known for many years that m 
the human eye the threshold mtensity of illumination for small areas 
vanes with the size of the area The effect begins to appear when the 
diameter of the retmal image is reduced to about 6 mm \ and as a 

1 For foveal vision Charpentier found that this relation was onJv obeyed when the 
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rough, approxiraation it is found that the product of mtensity and area 
must be kept constant if the image is to be ]ust visible The work of 
Abney(8) and the more recent mvestigations of Prentice Reeves(9) 
and of Piero n (10) have shoTm that the relation between mtensity and 
area is really more complex, smce the quantity of bght mcreases gradually 
as the area is enlarged Accordmg to Abney the efEectiveness of the 
stimulus seems to depend more on the Imear dimensions of the retmal 
image than on its area and if the image is oblong instead of circular, 
the smallest diameter is the determirong factor 

There can be httle doubt that the effects we have observed are 
closely related to these phenomena of human vision It is known that 
the visual reaction time m man depends on the mtensity of the hght 
when the area is constant, and smce the effectiveness of a given mtensity 
mcreases with the area we should naturally expect a change m latent 
period when the mtensity is constant and the area is changed Our 
own results on the eel and the frog are not accurate enough to show 
whether the quantity of light required to give a certam latent penod 
does or does not mcrease slowly with area, as does the quantity required 
for minimal sensation m man, but it is clear that an mcrease must take 
place when the retmal image is greater than 1 muL diam 

It is remarkable that the range of areas over which the effects are 
observed are so closely alike In the eye of the conger and of the frog 
we find that an mcrease m the retmal image above 1 mm diam ceases 
to make an appreciable difference to the latent period, m the human 
eye Abney’s figures show that the size of the image ceases to affect 
the threshold intensity when it is greater than about 8 mm though 
other observers give a smaller range 

In a structure as complex as the vertebrate retma the latent period 
is probably the sum of a number of distmct processes, and it seems 
essential to know somethmg more of these before we can attempt to 
explam the change of latent penod with area Fortunately we can learn 
something definite from the relation between the retmal currents and 
the optic nerve discharge, and we shall therefore discuss this before 
dealing with the effects of area on the frequency of the discharge 

retinal image did not exceed the diameter of the fovea ( 17 mm.) Abney found that 
for vision with the centre of the retina the threshold intensity was stiU affected by t e 
size of the imago up to about 8 mm. (3° visual angle) 
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Sectiok n 
The Tdxnal currents 

The retinal cnrrents appear as changes of potential ^vhich may reach 
'"Tetal milhvolts between the front surface of the cornea and the back 
of the ereball or any structure connected with it {e g the optic nerve, 
the bram, or indeed anv part of the body) when the eve is exposed to 
fight They arc known to be changes occumng m the retina for they 
are still obtained after the front of the eyeball is removed and Bovie, 
Chaffee and Hampson have recorded very large effects by leadmg 
o5 directly from the retinal surface It is uncertain however, to what 
of the retinal apparatus they belong Bovie, Chaffee and 
Hampsonoi) suggest that they are the summed effects of action 
^ents in the nerve fibres and processes, whilst Gotch(i2) and others 
regarded their slow time relations as mdicatmg an essential differ- 
ence from the response of nerve 

The potential changes which occur when a light is tnmed on are 
^nipiex and probably represent the sum of several mdepeudent pro- 
cexes Einthoven(i3) aud Piper(i4) regard them as due to three 
and Bovie, Chaffee and Hampson find an even greater 
^mplexity But the general course of the potential change is fairly clear 
we may take Einthoven^s account as giving a convement method 
® eacnbingit The effects produced by Einthoven’s three processes 
and C are shown m Fig 17, together with the actual change of 
pn ^ntial resulting from them. 



1^ General form of retmal current and Einthoven’s analysis 
into three processes A, B and C 


bou / ^ turned on there is first of all a negative deflec- 

of th» current passmg through the external circmt from the back 
- aye to the cornea This is followed bv a positive deflection (due 
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to B) wlucli decreases under steady illumination, but may mcrease 
agam owing to the development of the slower C process When the 
hght IS turned off there is a rapid positive deflection (a^) and finally a 
slow return to the resting condition Em th oven regards the imtial 
negative deflection a and the rapid positive deflection on darkening a' 
as due to the same process The positive deflection which succeeds a 
is due to the B process and is best seen with feeble illumination Finally 
the C process is a very much slower change which may remam for many 
seconds after the hght is turned off 

In a valuable paper by Day (5) on the retinal currents m fish there 
IS a discussion of the relation of these different processes (or deflections) 
to the production of visual sensation It is generally agreed that the C 
process rises and dechnes far too slowly for it to be concerned m the 
discharge of visual impulses, of the other two, A and B, such evidence 
as there is pomts to the A process as being the more important This is 
strongly supported by the present experiments The records already 
described show that the rapid positive deflection g' when the hght is 
turned off has a counterpart m the ^‘off effect” m the optic nerve dis- 
charge, and from what follows it will be clear that the imtial negative 
deflection a is closely associated with the imtial outburst of impulses 
m the nerve 

In the eipenments Tve have made on the retmal currents we have been handicapped 
to some extent by the fact that our amplifier is not stnctly apenodic A change of 
potential which uses suddenly and remains at a constant value will appear m the record 
as one nsmg suddenly and then declining to zero The rate of declme with the condensers 
at present m use is such that the recorded potential falls to half its imtial value m about 
half a secondL This makes bttle difference to the initial deflection a, but the subsequent 
evolution of the curve would be considerably distorted and to study it m detail would 
need an amplifier with conductive coupling such as that used by Bo vie, Chaffee and 
Hampaon We have not attempted to modify the amplifier m this way for our expen 
ments have been concerned almost entirely with the relation between the latent penod 
of the “a * effect and that of the optic nerve discharge. 

The '' a ” effect Tbe eye and optic nerve preparation was arranged with 
the usual electrodes on the optic nerve and with two more leading from 
the front and back of the eyeball Either pair could be connected with 
the amplifier by a double pole switch, and records were made alternately 
from the nerve and from the eyeball 

Two pairs of records are given m Fig 18 They show the a effect as 
a smooth deflection occurrmg after a latent period which is considerably 
shorter than that of the cotrespondmg optic nerve discharge, m Fig 18 a 
the nerve discharge begms very shghtly before the a effect has reached 
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its maxunum m Fig 18 b tlie nerve discharge begins long before the 
inamnuin a efiect But m any one preparation it is noteworthy that 
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to B) ttIucIi decreases under steady illumination, but may increase 
agam owing to the development of the slower C process When the 
hght IS turned ofE there is a rapid positive deflection (o') and finally a 
slow return to the restmg condition Einthoven regards the imtial 
negative deflection a and the rapid positive deflection on darkenmg a' 
as due to the same process The positive deflection which succeeds a 
IS due to the B process and is best seen with feeble lUummation BmaUy 
the C process is a very much slower change which may remam for many 
seconds after the hght is turned off 

In a valuable paper by Day (5) on the retinal currents in fish there 
IS a discussion of the relation of these different processes (or deflections) 
to the production of visual sensation It is generally agreed that the C 
process rises and declines far too slowly for it to be concerned in the 
discharge of visual impulses , of the other two, A and B, such evidence 
as there is pomts to the A process as bemg the more important This is 
strongly supported by the present experiments The records already 
described show that the rapid positive deflection c( when the hght is 
turned off has a counterpart m the “off effect” m the optic nerve dis« 
charge, and from what follows it wiU be clear that the mitial negative 
deflection a is closely associated with the initial outburst of impulses 
m the nerve 

In the expenmenta we have made on the retmal onrrenta we have been handicapped 
to some extent by the fact that onr amplifier is not strictly apenodic- A change of 
potential which nses suddenly and remains at a constant value will appear in the record 
as one nsmg snddenly and then declmmg to zero The rate of dechne with the condensers 
at present m use is such that the recorded potential falls to half its mitial value m about 
half a second- This makes little difference to the mitial deflection a, but the subsequent 
evolution of the curve would be considerably distorted and to study it m detail would 
need an amplifier with conductive couphng such as that used by Bone, Chaffee tuid 
Hampson We have not attempted to modify the amplifier m this way for our expen 
ments have been concerned almost entirely with the relation between the latent period 
of the “a ' effect and that of the optic nerve discharge- 

The “o” effect The eye and optic nerve preparation was arranged with 
the usual electrodes on the optic nerve and with two more leadmg from 
the front and back of the eyeball Either pair could be connected with 
the amplifier by a double pole switch, and records were made alternately 
from the nerve and from the eyeball 

Two pairs of records are given m Fig 18 They show the a effect as 
a smooth deflection occurring after a latent period which is considerab y 
shorter than that of the correspondmg optic nerve discharge, m Fig 18 a 
the nerve discharge begms very shghtly before the a effect has reachc 
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the frog, though we have fotmd intervals as long as 2 sec and as short 
as 05 see We have not found that it changes appreciably during the 
coarse of an experiment lastmg an hour or more, but we have made 
no systematic investigations of the efiecta of fatigue, temperature, etc 
The beginning of the nerve discharge seems to be definitely related 
to the begmrung of the retmal effect, it does not correspond to the 
deveiopment of a particular potential in the retma or a particular rate 
of change of potential Since there are two synaptic layers mtervemng 
between the retmal elements and the fibres of the optic nerve there is 
nmple reason to expect a delay m conduction, but it is of great mterest 
to find that this delay is constant and that the changes of latent period 
are all due to the process which expresses itself as the retinal efiect 
h IS, of course, impossible to say what part of the retmal apparatus 
produces the a deflection, but the relatively long retmal-nerve mterval 
suggests that the seat of the retmal effect is separated from the optic 
owe fibres by a relatively slow conduction path It seems possible, 
oceiore, that the seat of the retmal effect is m the rod and cone layer 
not; m the synaptic networks and that the constant retmal-nerve 
Oiterval is due to the conduction through the latter If this is so the 
sanation m latent penod with mtensity and area must be due to vana- 
bons m the rate of development of the prelumnary process which excites 
e rods and cones e the photochemical change) and not to summation 
€ ects in the synaptic layers 

There are two fines of evidence wfiicli strengthen this view Heclit * a 
2^yais of the reactions of Mya and Ciona(i6) to fight shows that the 
ges in the latency of response m this case can all be related to the 
mnmary photochemical and catalytic changes which lead up to the 
^tion of the nervous structures The other fine of evidence is less 
usive but stiU worth mentiomng In his work on the relation of 
^ threshold mtensity Abney found that the effect of mcreasing 
of 18^^^ P^^^l^cally the same for direct vision as for vision at an angle 
lu th <^ptic axis The nervous arrangements m the fovea and 

that ^ retma are so different that it is hard to believe 

^ synaptic layers could give the same quantitative 
the h ^ situations On the other hand, we know so little of 

Qot d mechanism, that it is at least arguable that it does 

Th ^ different parts of the retma 

^^lated How far the later developments of the retinal current are 

the ^ optic nerve dicharge we are not prepared to say In the eel 
^ogative a deflection is succeeded after about 2 sec by the positive 
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optic nerve impulses have been appreciably distorted by interference 
from the retmal currents 

The most important pomt, however, is the constant mterval between 
the beginning of the (Z effect and the beg innin g of the optic nerve dis- 
charge This is shown with greater certainty m Fig 19, which gives the 



Fig 19 Latent penoda of retinal reponse (a) and nerve discharge, showing constant 
“retinal nerve’* interval 

A, Exp 37 Frog niummation of disc, 32 metre candles 
B Exp 37 Frog Diatm of disc, 72 mm* (4096 nun *) 

C Exp 31 Eeh niummation of disc, 860 metre candles 
I) Exp 31 Eel Diani, of disc, 12 8 mm* 

latent periods of the two m various experiments with changmg intensity 
and area With the weakest lights it is often impossible to measure 
the latent period of the retmal effect, as it is very small and develops 
very gradually, but there is no sign of any constant change in the 
retmal-nerve mterval as long as it can be measured This statement 
should of course be qualified by a reference to the limits of accuracy of 
these measurements, which are not very great Even m our best experi- 
ments we miist admit a variation of 20 p c either way m the retinal- 
nerve mterval, but the fact remains that the mterval shows no sign of 
a definite mcrease or decrease when the latent period of the retmal 
effect IS doubled or trebled Thus the nervous discharge appears at ^ 
fixed tune after the beginning of the retmal effect whatever the latent 
period of the latter may be The retmal-nerve mterval vanes from one 
preparation to another its average value is 1 sec both m the eel and 
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the frog, tliongh Tve liave found intervals as long as 2 sec and as short 
*05 sec We have not found that it changes appreciably during the 
coarse of an expeninent lasting an hour or more, but we have made 
no systematic investigations of the effects of fatigue, temperature, etc 
The be ginning of the nerve discharge seems to be definitely related 
to the beginning of the retmal effect, it does not correspond to the 
development of a particular potential m the retma or a particular rate 
of change of potentiaL Smce there are two synaptic layers mtervemng 
between the retinal elements and the fibres of the optic nerve there is 
ample reason to expect a delay in conduction, but it is of great mterest 
to find that this delav is constant and that the changes of latent period 
We all due to the process which expresses itself as the retinal effect 
It IS, of course, impossible to say what part of the retinal apparatus 
produces the a deflectioiL but the relatively long retinal-nerve mterval 
^?ests that the seat of the retinal effect is separated from the optic 
^i?rre fibres hv a relativelv slow conduction path. It seems possible, 
therefore, that the seat of the retmal effect is m the rod and cone layer 
wid not m the synaptic networlis and that the constant retinal-ner^e 
Interval is due to the conduction throtmh the latt^ If this is so the 
sanation in latent penod wrn and area mns^ be due to '^ana- 

frons m the rate of development of the preiirninaiv process which ^zcite^ 
the rods and cones (i je the pLoto^h'^mical <^hang^") and not to rummatzon 
tfiects m the svrEaunc facers 
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B deflection, but it is impossible to specify tbe moment at which the 
(z process ends or that at which the B process begins, for the curve shows 
no diBContmuity but passes smoothly from the negative to the positive 
deflection In many experiments the maximum discharge m the nerve 
is reached well before the retmal effect changes from negative to positive 
In the frog the duration of the a deflection is often shorter than m the 
eel, the average bemg 13 sec 

The work of Bo vie, Chaffee and Hampson suggests that the 
magmtude of the B effect is closely related to the activity of the nervous 
elements of the retina, but the difficulty of separating the opposing 
changes of potential of the a and the B effects has prevented us from 
makmg any useful comparison of the B effect and the optic nerve 
discharge 

The ‘"off effect'' (a') When the bght is turned off after an flliinuna- 
tion lastmg a second or more the retmal current shows the positive de- 
flection a' which Einthoven regards as due to the same process as 
that responsible for the mitial negative deflection a The a* effect is 
greater the longer the eye has been exposed to hght and m general the 
conditions which favour its development are the same as those favouring 
the development of the off effect m the optic nerve discharge 

By recording the retmal and optic nerve currents with exposures of 
several seconds^ duration it is possible to measure the latent periods of 
the a and a' deflections and of the ^^on” and ‘‘off’’ outbursts m the 
optic nerve This gives us two retmal-nerve mtervals We are not pre- 
pared to say whether the retmal-nerve mterval for the ‘^off” effect is 
identical with that for the “on ” They are certainly of the same order 



Fig 20 Tracings from records shoimig “on** and “off” effects from retma and nerve 
and ‘‘retinal nerve*’ mtervals. Time marker gives 1/30 sec Erp 40 Piac, 25 5 mm 
dianL, 830 metre candles. 


but m the 011I7 full scale experunent we have made, the average value 
for the “off” mterval is shghtly shorter than for the “on ” This may 
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be due to the much smaller size and slower development of the a' de- 
flection compared with the a, for we measure the beg innin g of the effect 
by the first visible deflection of the base hne, and we may therefore 
overestimate the latent period of the a' effect as compared with that 
of the a The difficulty m fixin g the beginning may be seen from the 
hacnigs m Pig 20 The full data from this experiment are given m 
Table I They leave httle doubt that the relation between the a' effect 
the concluding outburst of impulses is of the same nature as that 
between the a effect and the imtial outburst The difference between 
the two mtervals, though it may be significant, is scarcely outside the 
of experimental error The *‘off” mterval is the more constant 
0i the two, the ^^on” mterval showing an unusual mcrease with the 
weaker hghts 

Table L 

Eip 40 16^ C. EeL Area of disc, 512 mm.- 


flbamatioii 

(cetit 

Latent periods measured 

m nmts of 1/30 sec. to nearest 1/60 sec. 

Light On 


Light Orr 


Latent period 

Retinal 

nerve 

mterval 

Latent period 

A 

Retinal 

nerve 

mterval 

caiidles) 

3410 

1930 

850 

830 

203 

111 

Ectina (a) Xerve 

r ^ 

Retina (a ) Xerve 

15 35 

20 

20 35 

15 

2-0 40 

20 

15 3 5 

20 

25 50 

25 

25 45 

20 

3-0 5-0 

20 

3-0 50 

20 

25 60 

35 

35 55 

20 

4-0 7 5 

3 5 

40 65 

25 


Average mterval 2 6 

Average mterval 2 0 



=-0S7 sec. 


= 067 sec. 


I^tensity of retinal effect and frequency of nerie discharge 
of ^o^bude of the a deflection depends on the area and mtensity 
for h bhe relations have the same general form as those 

^ b^^T^ency of impulses m the optic nerve The mam difference 
bhat the frequency of impulse discharge seems to have a 
Dot "R hmit (about 50 per sec ), whereas the retinal response does 
bhis means very httle for the retmal response m the eel’s eye 
just detect than the nerve discharge and a stimulus which is 

en enough to produce a discharge of impulses is rarely strong 

a d ^ perceptible a deflectiom We have no data which allow 

^ eompanson of the impulse frequency and the magnitude of 
at ^ bhe same preparation, but we hope to mvestigate 

^ebav^ stage when the nature of the a effect is clearer and when 

ovpr our apparatus to enable it to record impulse frequencies 

t doo per sec 
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Comfanson mth Frdhhch^s results 

In all OUT experiments, apart from such obvious artefacts as those 
caused, e g hy mechamcal vibration, etc , the potential changes ob- 
tained by leading ofiP from the eyeball are smooth curves and show' none 
of the discontinuities which appear m the records of the optic nerve 
discharge This may seem surprising m view of the fact that fibres of 
the optic nerve run m the retma for the first part of then course and 
might therefore be expected to contribute something to the retinal 
current However, the impulses m the mtra orbital part of the fibres 
would be very unlikely to produce changes of potential in the recording 
circiiit at all comparable with the changes winch can be detected m the 
optic nerve proper Since the electrodes for the retmal effect are placed 
on the front and back of the eyeball, the mtra orbital nerve fibres are 
runmng for the most part at right angles to the hue joining the electrodes 
and their action currents will therefore have httle effect on the recording 
circuit In addition to this the presence of a large bulk of mdifferent 
tissue would short circmt any nerve action currents which might have 
a component parallel to the Ime joining the electrodes 

A large number of monophasic action currents of slow tune relations 
would certainly give rise to a smooth curve, but the character of the 
retmal effect seems to be more m accord with the view that it is deter- 
min ed by the photochemical changes which precede and cause the 
nervous excitation On the other hand, m strmg galvanometer records 
from the eye of Octopus and of Eledone moschata Fr6hlich(2) finds 
de fini te oscillations with a frequency rangmg from 30 to 90 per sec , 
the frequency dependmg on the mtensity and the wave length of the 
hght These oscillations were superimposed on a steady deflection, they 
were not always present, and they were not foimd m records with both 
leads on the optic nerve, but only m those with the retma mcluded m 
the circuit The structure of the cephalopod retma differs considerably 
from the vertebrate type, and the most likely explanation seems to be 
that the response m the cephalopod eye is made up of action currents 
m the nervous elements superimposed on the retmal effect^ Einthoven 
and Jolly (13) have noted the occasional appearance of slower fluctuations 
of the retmal current (2~3 per sec ), but these too have been absent m 
our experiments 

^ Since tlufl was wntten we have found that the illumination of very large areaa of the 
retma may give nse to an optic nerve discharge inth rhythmical changes in frequency 
closely resemblmg some of FrOhlich’s records These results will be published shortly 



IMPULSES IN OPTIC NERVE 


407 


Sectiox m 

The action of light on the retina 

It IS clear tliat a great deal of vrorh remams to be done before Tve 
be sure of the precise significance of the retinal response as a link 
betKeen the stimnlus and the flow of impnlses m the optic nerve In 
paiiicnlar we hope that a detailed analysis of the latent period may 
4owiis whether the a response can be related to the pre limin ary changes 
^bicb precede the nervous excitation m Hecht s scheme for My a and 
Ciona But we can at least be sure that the processes which account 
for the efiects of area and mtensity on the latency of the optic nerve 
<lncharge axe all processes mtervening between the mcidence of light 
on the retina and the development of the a response There is a con- 
sderable delay between the beginning of the a response and the be- 
of the optic nerve discharge, but it is a constant quantity 
effected by the nature of the stimulus 

The results of Section I ha^ e left us with the following facts to explam 
(1) However much we restrict the size of the retmal image we seem 
®^ble to confine the impulse discharge to a smgle fibre of the optic nerve 
(-) If we increase the area of the retmal image withm limits, the 
^nency of the impulse discharge is not mcreased m direct proportion 

e area but much less rapidly, and the latent period of the discharge 
^ reduced 

(^) The efiects of an mcrease of area with constant mtensity run 
P^Del with the efiects of an increase of mtensity with area constant, 
^ the nature of the discharge is detenmned withm bmits by the 
^nmtitv of hght Without regard to its distribution 
^^^we leave out of account aU considerations based on the power of 
^cnmmation, etc , m the human eye, these results are most 
assuming that the mcidence of hght on restricted 
^ ^ of the retina causes the excitation of receptors spread over a much 
area An explanation on these hnes has often been advanced to 
^^^^tion between area and threshold mtensity m the 
the ^ ^ mdicated dia grammatically as m Fig 21, where 

and mtensity of the illummation is shown by the shaded 
es and the resulting excitation by the dotted hne 

a spread of excitation round the stimulated area to account 
Potential change m the eveball is not limited to the lUnroinated 
doubtful how far this result is due to the normal potential 
’^^nld be produced m the surrounding mert tissue of the eyebaU. 

27—2 
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We may regard the spread of the excitatory effect as due to some 
thing m the nature of a physical diffusion of an active substance over 



Fig 21 Diagram to show spread of excitation with restnoted retinal image. 
Intensity of illummation expressed by height of shaded rectangle 


the surface of the retina, to a spread of current or to a radiation of 
nerve impulses m the synaptic networks If we are right in supposing 
that the retmal response indicates a process anterior to the excitation 
of the nervous structures the first tvo suggestions would be nearer the 
mark This must be left for further evidence , meanwhile we have to see 
whether such an explanation will really agree with the numerical data 
The chief difficulty is to reconcile the idea of an excitation extending 
over a wide area with the relatively low impulse frequencies which are 
often encountered In the cutaneous and muscle receptors of the frog 
the frequency of the impulses m a single fibre seldom falls much lower 
than 5 per sec even with very weak excitation of the receptors, and 
IS generally m the neighbourhood of 20-30 per sec It seems unlikely 
that the frequency m the optic nerve fibres covers a range which differs 
much from that of other sensory fibres and we may therefore take the 
figure of 6 per sec as about the lowest frequency which we can safely 
assume in a smgle fibre of the optic nerve Now the discharge frequency 
m the optic nerve with the smallest retmal images (10 to 70p. diam ) 
IS rarely below 60 per sec except at the beginmng and end of the dis- 
charge when It 13 scarcely possible to speak of a defimte frequency It 
IS often nearer 100 per sec even with hghts which are only just aboie 
threshold mtensity Thus we may assume that as many as ten fibres 
are m action but it would be unsafe to assume a greater number ien 
fibres of the optic nerve m the eel supply a disc of at least 25 mm 
diam on the retma (cf Appendix) and we may therefore suppose that 
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tlie excitation vnU spread over an area of this size however restricted 
the letinal image may he This amount of spread is large enough to he 
not inconsistent with our results though a larger spread might have 
^ed them better The change m the latent penod with the size of 
the image is greatest with areas up to 25 mm diam though it is still 
pK:^nt with images up to 8 mm diam , and the dependence of the 
dwjharge on the total quantity of hght is most clearly shown with 
retinal images below 5 mm though the frequency does not become 
fc^lv proportional to the size of the image when this exceeds 5 mm 
The figures on which the argument is based are all such rough approxi- 
mations that we can only say that a scheme like that m Fig 21 is not 
definitely ruled out The total number of impulses per sec is low, but 

the large retmal area supphed by a smgle optic nerve fibre is a sufficient 
reasoiL 


There are many ways m which the scheme might account for the 
-hotter latent penod with greater quantities of hght but the possibdities 
varying rates of chemical change and of nervous mteraction between 
crent receptor elements or difierent neurones are so endless that 
her speculation would he of very httle value at this stage 
^en we turn to the bearing of these results on the functional 
^ahihties of the eye, we are met at once with the difficulty of ex- 
P Hung how the eye can signal the form of a stationary image of 
J^cted size The simplest explanation is to suppose that m the eel 
oes not do so and mdeed there is nothing m the behaviour of the 
to suggest that it does A spread of excitation of this kmd would 
mterfeie with an accurate signa llin g of the direction and rate of 
^ I^fit or shadow, and this is aU that we need postulate m 
It , B^t the relations between area and threshold mtensity m 

til clearly related to the mtensity and area effects m 

th ^ beheve that there is any fundamental difference 

^ Mechanism which responds to hghts of low mtensity m the 
development of a more specialised cone mechanism 
for the fact that we can distmgmsh the size of very 
cxcf ft other hand Pier on has shown that a spread of 

ftp seems to take place with red hght which would affect only 
^ and Abney’s results on area and threshold m- 

ohtamed with central as well as peripheral vision Thus 
more critical cone mechanism brmgs its own problems 
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Conclusions 

(1) Using a capiUary electrometer and valve amplifier it is possible 
to record the action currents of impulses m the optic nerve of the eel 
{Conger vvlgans) and of the frog [Rana lem'poTaTxa) when the retina is 
dltuninated 

(2) The action currents do not differ appreciably in tune relations 
or m grouping from those m other sensory nerves, and their size is not 
affected by the strength of the stimulus (aU-or-nothing relation) 

(3) When the eye is illuminated, the discharge of impulses rises 
rapidly to a maximum frequency and then dechnes, at first rapidly 
and then more slowly If the lUununation has lasted a second or more, 
there is a renewed outburst of impulses when the hght is turned off 

(4) Owmg to the rapid dechne m the discharge with steady illumina- 
tion, a movement of hght and shadow in the visual field is a much more 
effective stimulus than a steady pattern 

(6) When the retmal image does not exceed 1 mm diam the effects 
of an mcrease m the size of the image are the same as those of an 
mcreased mtensity of illumination Both the latent period and the 
maximum frequency of the discharge are determmed approximately by 
the quantity of hght m umt tune (area x mtensity), and the frequency 
is not directly proportional to the area of the retmal image The 
relation between area and threshold mtensity for the human eye is of 
the same kind 

(6) When the retmal current and the optic nerve discharge are com- 
pared, it IS found that the mitial negative deflection (a) of the retinal 
response occurs at a fixed interval before the begmnmg of the optic 
nerve discharge This ‘‘retmal-nerve” mterval has an average value of 
1 sec m the eel Variations m the latent period of the optic nerve 
discharge are presumably due to variations m the latent period of the 
precedmg retmal response 

(7) The constant “retmal-nerve” mterval is probably due to 
tune lost m conduction through the synapses of the retma, and it is 
suggested that the retinal response {a deflection) is caused by the photo- 
chemical changes which precede the nervous excitation 

(8) When the hght is turned off, there is a constant mterval between 
the begmnmg of the positive retmal response (o') and the ‘‘off’' dis- 
charge m the optic nerve The “off” retmal-nerve mterval is slightly 
shorter than the “on” mterval, but the difference is not outside the 
range of experimental error 
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(9) The parallel eSects of an increase of area and an increase of 
mtensity can be erplamed by assuming a spread of the excitatory 
process into regions surrounding tbe illuminated area This agrees witb 
the fact that it is impossible to confine the discharge to a smgle fibre 
of the optic nerve by bmitmg the size of the image 

(10) Owing to the small number of fibres m the optic nerve of the 
«I and the large retmal area connected with one ganglion cell, a spread 
of the excitatory process is not ruled out by the relatively low frequency 
of the discharge 

In the course of these experiments it has been necessary to expose 
over 4000 ft of cmematograph film, and vre wish to express our thanks 
to the Government Grants Committee of the Royal Society for a grant 
to One of us to cover the expenses of this research 


APPENDIX 


The AKKANGEXIEXT OF FIBRES IN THE OPTIC NERVE OF 
COAOEIi VVLOAm^ 


In( 


frail ^ ^ weight the optic nerve appears as a thin, 

on and about 5 mm m diameter It is covered 

j ^th a thick sheath Our first attempts to prepare 

bat osmic acid or Bielchowsky stammg proved fruitless. 

Dr successful with a method suggested to us by the 

^ a Fano In this method the nerve is left m 5 p c osmic acid 
f^Diperature for one day, and after changing the fluid is 
the three days m an meubator at 22-26^^ C After this 

^ replaced with distilled water and the nerve kept 
tilled^ for another day or two, durmg which time the dis- 

lie ^ changed twice or thnee Reduction of the osmic acid m 

to an ^^tmnes m the tepid water Finally the nerve is transferred 
^ there for some hours, dehydrated, 

tljp ^lol (1 hour) and embedded m paraffin This method left 
Bhnujjg ^ nsrve intact with no obvious signs of tears or 

^oold fibres were easily visible m sections about 2p, thick and 

'^ere b horn drawings with the camera lucida Good sections 

owever, only ohtamed from the orbital part of the nerve 
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The chief points of interest revealed by the sections were the relative 
sixes and distribution of the fibres, and their small number There are 
a few irregular strands of connective tissue, but no sign of the fibrous 
septa (primary and secondary septa of Leber) descnbed m the optic 
nerve of man Neither is there a central artery or vem The most 
striking pomt is the way the fibres are grouped there are large fibres 
m the middle of the nerve and small fibres round the periphery The 
territory of the large fibres is distinct from that of the small, although 
in each part a few scattered fibres of the other sixe are to be seen The 
difference m size of the fibres is not due to uneven shrinkage caused 



Fig 22 Camera lucida drawings of transverse sections of optio nerve of Goiiger vulgans 

A< Low power A few fibres drawn to give scale Dotted circle shows approxi 
mate boundary between temtones of large and small fibres Rectangle gives area 
of Sections B and C 

B High power Fibres at periphery of nerve 

C High power Fibres at centre of nerve 

by imperfect penetration of the osmic acid, smee the diameter of the 
fresh nerve is not appreciably different from that of the nerve fixed 
and embedded m wax Gudden(i6) divided the optic nerve fibres of man 
into two classes, finer and coarser, and the same division can clearly 
be apphed m the eel’s optic nerve fibres These vary in diameter from 
1 to 8/x, and a rough division might be made by calhng small fibres all 
those less than 3/r diameter, and large fibres those of diameter more 
than 3/x In a section with a total of 8000 nen^'e fibres (± 1000) there 
were about 6000 of the small fibres and 2000 large ones In four sections 
from different nenes the total number of fibres was 8000, 11,000, 
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10,000 and 9500 The appearance of about 80 sections from 5 nerves 
h substantially the same, so we may fix the average number of fibres 
m the optic nerve of conger at about 10,000 (cf 400,000 in man and m 
the cat) 

Assuming that the nerve fibres are uniformly distributed on the 
retina, the total area of the retma divided by the total number of nerve 
fibres gives the minimum area which corresponds to one nerve fibre 
hi all probability each fibre has connections with a wider area, for the 


retma has an extremely comphcated structure of interconnected cells 
and there is no reason to suppose that the territories supplied by different 
nerve fibres do not overlap If we consider the retina as a hemisphere 
of diameter 6 4 mm , its area will be 64 sq mm Taking the number of 
nerve fibres as 10,000, the minimum area of the retma controlled by 
^cb fibre will be 6400 sq fx 7 e a square of side 80 /x or circle of radius 
But the area may be even larger than this The optic nerve of 
^^ainmals undoubtedly contains some efferent fibres If this is true for 
|he eel, the number of sensory fibres is less than the total number of 
OTes m the nerve and the area correspondmg to each on the retma is 
proportionally greater Grudden found in the cat and rabbit that the 
fibres m the optic nerve degenerated after destruction of the 
^penor corpora quadngemina, and considered these fibres to be efferent 
the finer fibres m the optic nerve of the eel are efferent, the area of 
^ retina corresponding to each of the remaimng afferent fibres would 
circle of 100 /X radius and area 03 sq mm 

c structure of the retma of conger can be seen m sections stamed 
fixed ^®^^bo^hn or NissTs methylene blue and cut from eyes 
from ^ solution The cones can easily be distinguished 

cm the rods by the size and position of their nuclei Both rods and 
appear to he evenly spread over the retina, but the rods out- 
er the cones m the proportion of something like 20 to 1 In 
0115 5g thick the ganghon cells m the eeTs retma appear much more 
than the ganghon ceUs m similar sections of the frog’s 
the human fovea each cone is connected to a separate fibre of 

^ cptic nerve But m the retma of the eel the nuclei of cones visible 
section always outnumber the ganghon cells, so that m most 
groups of rods or of cones, or of both, must be connected to each 

of the optic nerve 
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The effect of pVL on the distribution of phosphorus between 
human red cells and potassium phosphate solutions By 

^ Maizkls and A C Hajipsox (Prdimtnary commumcaixon ) 
Elutions of KOH, K^HPO^, KH^PO^, and H3PO4, of the same 
pressure, as determined cryoscopically, were mixed to give 
Cerent hydrogen ion concentrations 
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The effect of pH. on the distiibutioii of phosphorus between 
human red cells and potassium phosphate solutions By 

M Maizels and A C BLampsok {Preliminary communication ) 

Solutions of KOH, K^HPO^, BJB[£P04, and HaPO^, of the same 
osmotic pressure, as determined cryoscopically, were mixed to give 
difierent hydrogen ion concentrations 



Small quantities of luradimsed blood were olacpd m , 
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three thousand revolutions per minute The volume of the cells was read 
and the supernatant plasma removed The cells were then mixed with 
6 c c of the different phosphate solutions The suspensions were allowed 
to stand for one hour, and centrifuged for two hours more The volume 
of red cells was noted The inorgamc phosphorus content of the red cells 
and supernatant fluid were determined by Bnggs’ method 

From these data, the phosphorus content of the red cells per c c of 
final volume or ongmal volume could be calculated 

The following observations apply to red cells suspended in phosphate 
mixtures of A = 0 4226 and concern the phosphorus content of the cells 
per c c of final volume and of the supernatant solution 

(1) The phosphorus content at pH 8 1 is 1 mgm per c c of cells, as 
compared with 3 mgm per c c of fluid 

(2) In solutions more alkaline than pH 8 1 the phosphorus content 
of the cells decreases 

(3) In solutions more acid than pH 8 1 the phosphorus content rapidly 
increases tiU at pH 5 36 it is nearly equal to that of the supernatant 
fluid (3 76 mgm per c c of red cells as compared with 3 93 mgm per c c 
of fluid) 

(4) In solutions more acid than pH 6 36 the phosphorus content falls, 
reaching a mimmum at pH 3 6, — 2 46 mgm per c c of cells, agamst 
4 08 mgm per c c of fluid At this point shght hasmolysis occurs, and 
in still more acid solutions the phosphorus content rapidly increases till 
at pH 3 0 (approx ) the phosphorus content of the cell practically equals 
that of the outside fluid 

The concentration of phosphate ions can be determined from the pH 
of the hquid and the dissociation constants of phosphonc acid 

Further work is in progress to determine the pH of the red cells under 
these conditions 


Graded muscular contractions of natural form produced by 
electrical stimulation By Grace Briscoe {Preliminary notice ) 

The diaphragm and phremcs of cats have been used for expenment 
Owing to the bilateral character of this muscle, one-half can be paralysed 
and used for expenment, while the imdisturbed half can be used as a 

model , 

Small hooks are attached to each dome on its abdominal surface and 

connected to simple crank levers The levers are unloaded The diaphragm 
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muscle us working under its natural thoracic load One phrenic is dis- 
sected out and cut m the neck, the chest being intact, and stimulation 
applied to its peripheral end An ordinary induction coil (usually core- 
Jess) IS used, but the interruption is given by a Sherrmgton torsion wire 
ley With this key a very equable senes of submaximal shocks can be 
delivered and make shocks can be eliminated The rate of interruption 
(lased on Gasser’sci) work on the action currents m dogs’ phxemcs) is 
95 to 100 per second 

A control tracmg having been taken, the phremc on one side is tied 
and cut At once that half of the muscle ceases to contract, loses tone 
and nsea higher than before nerve section The action of the chest is 
increased and usually a passive mverse movement is imparted to the 
P^jBed muscle The secondary is placed as far as possible from the 
and the short-circmtmg key having been opened, it is pushed 
alowly towards the primary, until a small downward movement is 
observed on the paralysed side This gives the threshold pomt The 
observer watches the descent and ascent of the control side and pushes 
^bo secondary forwards and backwards in time with the control By 
varying the pace and distance to which the secondary is advanced and 
^thdrawn, a complete grading of contraction and relaxation can be 
^ Slued, 80 that a recogmsable imitation of any type of respiration can 
®pven Fast types are naturally more difScult to follow 
la natural respiration, the diaphragm is always in a state of postural 
contraction durmg the expiratory pause, though there may be consider- 
^ Variations m the degree of postural tone If the secondary is not 
^thdiawn beyond the threshold pomt but is left durmg the expiratory 
at such a pomt that graded mmute currents are passmg mto the 
then the muscle can be mamtamed m its natural expiratory 
^sture Thus a regular senes of phasic contractions and postural con- 
^ ctions can be initiated and mamtamed m a paralysed muscle, and 
ne advance and withdrawal of the secondary are correctly tuned, an 
^cat exact reproduction of the natural movements and level of the 
^^cle can he obtained 
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A. First part shows control tracm^, both domes responding to a natural stimulus At 
the first arrow the left phremc is tied and later cut This rcstdts m loss of movement 
and loss of tone The next group of six contraotions are due to electrical stimuIL 
When the short-circmting ke^ is shut (iTS) the muscle resumes its toneless level 
Another group taken a few minutes later shows the expiratory posture at its natural 
leveL After the phasic contraotions tone is maintained hr minimal enrrents, the small 
movemente being passive. Time in secs 
B S ingl e contractions before nerve cut. 

C. After nerve cut Left side paralysed. Time m sees 
D Left side responding to an electneal stimolos 


(1) Gasser and Newcomer Amor Joum. Phys. 57 p I 
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Rhythmical contractions of single heart muscle cells in tissue 
culture in vitro By Dr Lu GaeofouM (presented by Prof 
Giuuo Faxo) 

We have kaoivn for a long tame that fragments of heart muscle can 
show rhythmical contractions, and my own researches have demonstrated 
that this property is much more evident m the embryonic heart In 
tissue culture this rhythmical activity can last for a long time, as 
Carre Vs and Burro ws*s first papers have shown , but we find veiy few 
observations m the hteratnre on the contractions of single heart muscle 
cells. Researches by Engel mann m dying fragments of heart without 
culture and by Burrows, Roffo and Lewis on heart tissue culture 
give some accounts of it In my laboratory my assistant Dr Garofolini 
has found without changmg the medium a peculiar behaviour m some 
heart tissue cultures from chick embryo at the 8th-9th day of develop- 
ment These cultures have groum very thm after the 6th-l0th day 
of life tn nfro, so that the smgle cells were easily dehmited and 
the plenfonn structure of the heart muscle very evident. There were 
formed some lacunar solutions of continuity m the ongiual fragments 
crossed by thread-bke myoblasts Of these cellular elements some con- 
fracted synergicall} with the rest of the fragment and others had 
individual rhythmical contractions variable from cell to cell finm 40 to 
ilO pulsations a minute, but m every case very different from the rate 
of the general contractions of the fragment, which was much slower As 
the fragment was always dilatmg, some of these very thin myoblasts were 
htoken, but the nucleated portion continued to beat at a rate analogous 
to that of the whole cell The general rate of the fragment was very 
httle mfluenced by changes in the temperature, which had appreciable 
effects on the autonomic cells These cells influenced one another re- 
ciprocally and those which contracted more strongly ruled the others to 
^ certam extent For instance when an energically and regularly con- 
tractmg cell came to rest another cell close by began immediately to 
^ntnet regular!} after having shora for a long time penodic and 
Aguiar beats 


b 
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It IS not easy to give an explanation of thia Certainly these cells 
show an automatic potentiahty which can appear functionally also when 
the cells are not morphologically isolated firom the syncytium The 
automatic powers charactenstic of earher stages of embiyomc develop- 
ment, which I have demonstrated m the third day of development 
especially in the cells lying at the venous end of the cardiac tube, are 
shown most evidently by the effect of the dedifferentiation in these 
cells during the life in vitro 

We cannot forget that the products of katabohsm have a certain 
influence on these cultures, but Olivo found in his researches on the 
dedifferentiation in vitro of the heart muscle that the increase in the 
automatism is accompamed by decrease m the excitability (exactly the 
opposite of what I found in the normal de\ elopment of the organ) and 
we may therefore conclude that this mfluence should not be veiy great 


Culture in vitro of germinal epithelium from embryo chick 

By Prof G Fano and Dr L Garofoltni 
Many researches have been made on the culture tn vitro of germ 
cells The studies of Goldschmidt on the fly testicle have stated that 
when the spermatogenesis has already begun tn vivo it way continue 
tn vitro, but m the testicle of adult of vertebrates such a differentia- 
tion does not occur, as we know from Champy The same is the case 
for the female germinal epithelium of Mammaliin (Champy) and for 
the human ovary (Zondek and Wolff) 

We have made cultures from ovai^^ and testis of the chick embryo 
from the 9th to the 19th day of development inpure homologous plasma 
or m plasma and embiyo juice The cultures m plasma show a large 
outgrowth m the first two subcultures, but ve have not succeeded in 
mam taming them living for more than six subcultures The o\aiy 
cultures in plasma and embryo juice show a characteristic gro'wth of 
the germmal epithelium, for the first 10 to 12 subcultures. When the 
plasma is laid m a veiy thm layer the outgTO^^th of the epithelium is 
very much like that of an endothelium, as shown by the liver endothebum 
in liver cultures (Lewis), only a little thicker and much more rapidl} 
migratmg At the distal end of the migratmg zone these sjmcitial lajers 
which grow on the surface of the coverslip dissolve themselves into 
smgle cells charged with fat droplets and showing short and thick pro- 
cesses These cells become round, agglutmate themselves very often and 
finally degenerate In a thicker layer of plasma the outgrov th of the 
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epithebum is somewhat different It grows from the culture in a sheet- 
like layer not very extended in surface and from this membrane it spreads 
out m the form of many stnngs, syncitial in appearance At the distal 
end also these stnngs show the dissolution into single cells and the 
agglutmation of the latter as in the other t}Tpe of migration 

On account of the contmuous degeneration of the distal cells the 
tissue,aftera very remarkable outgrowth m the first 10 to 12 subcultures, 
begins to give a migration not so great as m the first days, with the 
character of the migration of fibroblasts Probably it is only when the 
germinal epithelium has exhausted its energy of growth that the fibro- 
blasts begm their migration We are still workmg on the testis of which 
we had very scanty matenal The enormous and rapid outgrowth m the 
first day of life of these cultures (particularly from embryos from the 
8th to the 15th day of mcubation) which no other epithehum shows, 
even m pure strain culture, can be understood m view of the fact that 
m those stages the gonads must still undergo much important modifica- 
tions, and therefore that durmg the embryomc period they can be con- 
sidered at a stage of development very mfenor to that of all the other 
tissues and organs of the embryo 



A B 

A, Ovary of embryo, 9th day 

4th transplant Endothohal appearance Isolated cells distaUy 
Obj 2 Konatka Fixed Maximow, stamed iron haematoxyhm 
B Ovary of embryo, 16th day 

Cth transplant Epithelium m laminae 

Obj Zeiss Apo 3 mm Fixed Maximow, stamed iron haematoiyhn 
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On functional recovery after severance of cutaneous nerves 

By E Shabpev-Schafkr, Edinburgh 

With the object of testing the relative rate of recovery of sensation 
in cutaneous nerves {a) completely severed with the knife or scissors 
and (b) severed by crashing, which would leave the nerve-sheaths intact 
but interrupt the fibres, I got a surgical fiuend, Mr Norman Dott, to sever 
the posterior division of the internal cutaneous nerve in each of my arms 
the nerve on the left side being cut across, that on the nght side merely 
squeezed with fine artery forceps, tightly enough to destroy the continuity 
of the nerve-fibres The operations were done on October 11th, 1926, 
aseptically and under local aneesthesia the wounds were complete!}^ 
healed within a few days. In both cases — after the effect of the local 
anaesthesia had passed off — there was some pain referred to the area on 
the forearm supplied by the nerve this was no doubt the result of the 
traumatic injury which spreads upwards for a certain distance along the 
fibres. The severance of the nerve did not m either case produce complete 
loss of any kind of sensation in the part of the skin supplied by it This 
IS accounted for by the fent that the nerve receives branches in its 
course from other cutaneous nerves, especially from the anterior division 
of the internal cutaneous besides which there is probably always some 
overlap from areas supplied by the adjacent nerves On both arras the 
area shoved a shght but distmct dinunution of sensibility for all forms 
of sensation The most stoking effect was, however, a feelmg to the 
touch which can best be desenbed as "numbness , this affected the whole 
area supplied, which could by its means be easily mapped out In 
addition an cedematous condition was produced over the area. This is 
no doubt due to severance of vascular nerves it v as much more noticeable 
and lasting on the left than on the nght side. There was also for some 
time a painful tingling sensation, experienced also more on the left side 
than on the nght This sensation was constant, but came to be ignored 
unless attention was specially directed to it it was probably due to the 
contraction of the cicatricial tissue which was forming at the site of 
the wound 

Matters remamed much the same for about six veeks After that 
time shght stimuli, such as a gentle pneb, the pulling of a hair, or the 
pinching up of the skin, began to produce distmctly painful effects , at 
first only in certain parts of the numb areas, particularly near their 
upper end, but before long over the whole This hypersensitiveness to 
pain was more pronounced on the left side than on the nght The pam 
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was not confined to the point stimulated but spread beyond it This 
has been noticed by all who have studied recoveiy after section of 
cutaneous nerves (Head and Rivers, Davies and Trotter, Boring) 
and IS no doubt what Head and Rivers termed proiopathxo sensation — 
lu contrast to epicniic — although why these names should be preferred to 
the old terms general sensation or pain and special sensation I do not 
anderstanci They have precisely the same meaning , for the sensation 
cvpenenced under the above conditions is pain and nothing else It is 
probably caused by the growing parts of the nerve-fibres which subserve 
pain being hypersensitive , perhaps from the fact that they are either 
not at all, or only imperfectly, protected by the connective tissue 
sheaths which sooner or later form around all nerves, with the excep- 
tion of the termmations of pain-nerves, which remain naked, as m the 
cornea^ 

It IS now seven months after the operations described On the left 
side — that on which the nerve was cut across — the conditions remain 
much the same The feeling of numbness, the CBdematous condition, the 
sbghtly lessened sensitiveness to touch, warmth and cold (the areas have 
always shown the specific " spots for the various cutaneous sensations) 
tbe hypersensitiveness to pain, are all quite distinct Recoveiy of function 
IS evidently very slow 

But on the nght side — that on which the nerve was crushed — the 
affected area began to show a diminution of extent within two months 
of the operation the diminution was veiy stnkmg at three months At 
fire months the part still affected occupied a very small patch Soon 
this had completely vanished and the whole area is now apparently 
normal 

' We know notlimg as to the modes of tennmation of ‘^warmth’ and “cold” nerves 
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The migrations of chlorine ions By R Christy, 

King 8 College, London 

Experiments have been earned out on man which show that there 
IS a definite alteration in the chlonde content of whole blood during 
exercise, rebreathmg of expired air and over- ventilation 

The changes dunng exercise and the rebreathmg of expired air are 
very similar — ^first there is a fall m the chlonde content lastmg for some 
time after the exercise and this is followed by a nse , this nse continues 
in some cases until the ongmal value is exceeded This may indicate an 
efibrt on the part of the body to make itself more capable of taking 
exercise in the future , in this connection it is interesting to note that 
the subject with the highest blood chlonde was m much bettei training 
than the others 

In over- ventilation the reverse changes take place, except that no 
over compensation ocenrs The changes in the chlonde content have not 
been found to be dependent on alterations in the hoemoglobin content 
of the bloocL 

It IS suggested that an exchange of chlonde ions occurs between the 
blood and the tissues similar to the Hamburger shift bet^\een the plasma 
and the red corpuscles and that the capacity of the blood to carry carbon 
dioxide is thereby augmented 


The partition coefficient of ethyl iodide and its destruction hy 
the tissues By Samson Wright and M Kremer, Middlesex 
Hospital (Preliminary communication ) 

The eth}l iodide method of Henderson and Haggard(i) for deter- 
mining the circulation rate depends on two assumptions (i) That the 
partition coefficient of ethjl iodide between alveolar air and artenal 
blood is approximately 2, (u) That ethyl iodide is destroyed in its 
passage through the tissues, so that the ^ enous blood contains less than 
10% of the concentration present in the arterial blood Henderson 
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and Haggard determiDed the partition coefficient of ethyl iodide in 
niro for ivater and blood, and tn mo in experiments on dogs Starr 
and Gamble(2) in experiments tn vitro found the partition coefficient 
between air and water was 2 7, between air and blood in vitio the 
coefficient was found to be 7 6 

Expenments on man were earned out by the present authors m 
which mixtures containing various concentrations of ethjl iodide were 
breathed for 10 to 20 minutes A senes of maximal respirations were 
then taken from the 'outside air Ethyl iodide was still present in the 
alveolar air after 36 breaths, and after periods of 9 to 12 minutes The 
total amount of ethyl iodide given off in the expired air when breathing 
fresh air amounted to 1 — 2 % of the amount absorbed during the penod 
that ethyl iodide was mhalecL The expired air was collected while ethyl 
iodide mixtures were breathed for 20 to 35 mmutes. The ethyl iodide 
concentration was found to remain the same, or nse somewhat towards 
the end of the experiment 

Attempts were made to determine the partition coefficient in mom 
expenments on cats and goats The animals breathed air containing 
1 — 6c.a ethyl iodide m 250 L air to which CO^ was added In the case 
cf the cats, samples of arterial blood and expired air were collected 
^ultaneouslv and analysed The artenal blood was found to contam 
- 3 to 7 8 times as much ethyl iodide as the expired air As the ethvi 
iodide concentration m the alveolar air is lower than that lu the 
expired air, the true partition coefficient must be higher than the figures 
given In the course of expenments lasting several hours the artenal 
ethyl iodide concentration was found to nse gradually, though the 
animal breathed steadily The venous blood contained 50 — 75 % of the 
concentrations present m artenal blooi Ethyl iodide was still present 
m the artenal blood if the animal breathed fi:^h air for 15 minntes In 
^he goats, the alveolar air was collected by an electncal device (to be 
described later) and the partition coefficient was found to vary between 
2 and 3 6 

The dead space in the goat exceeds 80 c,c , as the tidal air in these 
experiments amounted to 120c.c , it is highly probable that the alveolar 
vir concentration obtamed in these expenments are also too high 

In these experiments ethyl iodide was estimated by the lodme 
P^ntoxide meth^ This method was found to be rehahle if a slow 
current of air is emplo} ed and the tubes are thoroughly seasoned 

(1) Henderson and Haggard, Amer Joum, PhymoL 73 103 1925 

(2) Starr and Gamble Jouni Biol Cbem 7! 509 1920 
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A relationship between body temperature and blood 
sugar in rabbits By R D Lawbence 

Some curious spontaneous nses in blood sugar accompanied by a 
lowering of body temperature have been observed m rabbits from tune 
to time and examples of them are shown m the accompanying table They 
occurred on certam days without any apparent reason and were absent 
on other days m the same rabbits under standard experimental conditions 
The rabbits were on a constant diet, starved for 20 hours before the 
experiments Similar phenomena have been recorded m certam patho- 
logical conditions, such as a prelethal rise m blood sugar with a low 
temperature m rabbits dying from diphthena toxm(i) and from ana- 
phylaxis ( 2 ), but the rises recorded here occurred m normal rabbits They 
were first observed after the m^ection of one unit of msuhn, but were 
later found to occur spontaneously without any drug 


Table I Flood sugar and teni'perature 


Rabbit 

Day 

0 

i 

1 

I 

1 

139 

102° 

Insulin 

1 unit 

— 

75 

102° 

n 

11 

128 

102 8° 
Tn.qnbn 

1 unit 

— 

71 

103° 

IV 

2 

120 

102 4° 
Insulin 

1 unit 

220 

101° 

168 

101° 

VI 

1 

130 

103° 

— 

135 

102° 

Insulm 

1 unit 


5 

135 

102° 

204 

100° 

218 

100 8° 


7 

133 

102 6° 
Ergotamine 
0 6 mg 

110 

101 4° 

114 

101 4° 


9 

131 

103° 

135 

102° 

136 

102° 

Adrenal me 
0 6 mg 


20 

110 

102 8° 

108 

103° 

no 

102 4° 


c 140 117 

101 2® 101 s° 


Hours of t€st. 


2 

3 

4 

5 

80 

412 

— 

— 

101 4° 

97° 

(limp) 


101° 

207 

129 

137 

— 

100 1° 
(limp) 

101 7° 

102 4° 


76 

61 



— 

101 0° 

102 4° 



247 

180 

108 

107 

102° 

100 6° 

100° 

100 3 ' 

177 


123 

112 

100° 



102 9° 

102° 

113 

102 

— 

— 

101 8° 

102 3° 



248 

420 

347 

307 

102 6° 

102 2° 

101 8° 

102° 

110 


— 

— 

102 4° 

— 



118 

117 

— 

— 

101 9° 

101 0° 

— 



vn 
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Remarks Babbits I, 11 and gave normal insidm reactions on all 
the other days they vrere tested and did not seem especially excitable 
Rabbit VI was very excitable and gave a nse of blood sugar on every 
day be was tested until ergotamme was given It seems likely that 
ergotamine controlled the rise of blood sugar, although it is impossible 
to be sure that it would have occurred in its absence Adrenalme pro- 
duced an exceptionally high blood sugar m this rabbit without, however, 
any fall in temperature Babbit YII shows a much comvwner condition 
of blood sugar instabihty observed m many rabbits in which the initial 
blood sugar is raised but falls to a normal stable figure later 

Discussion It IS impossible to mvestigate the causes of these im- 
expected rises experimentally because one never knows when they are 
going to occur Marked rises have occurred only in seven out of about 
100 rabbits used for such tests and m some of them occurred only on the 
first day of testmg when they were excitable and unaccustomed to 
handhug The obvious suggestion is that they depend on an increased 
secretiOE of adrenalme, and this is supported indirectly by an observation 
of Geiger (3) that the hyperglycfflmia which mvanably occurs m rabbits 
when their temperature is lowered by artificial coolmg, is prevented by 
bilateral splanchnectomy The prelethal nse m blood sugar of the 
collapsed rabbit is also prevented by ergotamine which paralyses the 
adrenalme mechamsnL It is suggested, therefore, that these curious 
uses of blood sugar are adrenalme reactions produced sometimes by mere 
excitement, sometimes as a reaction to the fall m blood sugar caused by 
insulin (a weU-known phenomenon) and sometimes as a reaction to a 
collapse of no obvious ongm In the collapsed cases the low temperature 
would seem to be pxmiaxy to the high blood sugar, because the hyper- 
glycaemia produced by an injection of adrenalme is not accompamed by 
a low temperature It is not likely that the high blood sugar is due to the 
failure to utilise sugar m conditions of collapse, because then the hyper- 
glycajmia produced by coolmg would not be abohshed by splanchnec- 
tomy 

A pomt of practical importance arises, that, before testmg the effect 
of any substance on the blood sugar of rabbits, it is important to ensure 
that the blood is stable by doing more than one prelmunary test 

(1) Lawr^n « J' H * I'uf'kicy, Q B Bntish Jourtu of Exper Path. 8 5S 1927 

U) r Assoc, 74 1102, 1925 

{3} Gcic^r EL vf Path, u. Pharmak. 121 07 1927 





